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EDITORIAL 


The boldness of philanthropists 


ast week, Priscilla Chan and Mark Zuckerberg an- 
nounced their new philanthropic initiative with 
the goal of “curing, preventing, and managing all 
diseases by the end of the century.” This may raise 
some eyebrows, but this effort—part of the $45 bil- 
lion Chan Zuckerberg Initiative—joins forces with 
other philanthropists to push the envelope and 

support audacious ideas, with long-term commitments, 

to solve some of our greatest challenges. 

Philanthropists have long supported academic sci- 
ence, from endowing faculty positions to establishing 
new research centers. During the 20th century, their 
financing complemented 
the steady federal support 
that US, research and de- 
velopment (R&D) enjoyed, 
particularly in basic science. 
Regrettably, such govern- 
ment funding turned stag- 
nant in the 2ist century. 
Federal support of R&D at 
higher education institu- 
tions has fallen over 11% 
since 2011, the longest multi- 
year decline in federal fund- 
ing for academic R&D since 
data collection began in 
1972. What does this mean 
for achieving breakthrough 
discoveries in science? 

‘To solve some of our great- 
est societal problems, we not 
only need to focus on basic 
science research—we also 
need sufficient resources 
and new approaches, Basic 
research allows innovative thinkers in science and engi- 
neering to work toward ambitious and important goals, 
including in biomedicine. This was certainly the case in 
cancer research, where substantial progress was made 
once scientists had gained sufficient understanding of 
gene structure and function to support translational 
thinking and convert basic findings into cures, However, 
without adequate resources, great visions cannot be ful- 
filled, Although private funding cannot match the scale 
of government funding (the US. National Institutes of 
Health alone is allocated $30 billion per year), it can 
help fill gaps. Most importantly, it can initiate research 
thrusts into unproven directions, which generally do not 
draw government funding. 

‘New approaches are also required. Chan and Zuck- 
erberg will direct their first science-focused investment 
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“.philanthropists...push the 
envelope...to solve some of our 
greatest challenges.” 


to establish a “Biohub” that marries engineering and 
life sciences research from multiple institutions, Based 
in San Francisco's Mission Bay, this hub will draw on 
the talented scientists and engineers from the Univer- 
sity of California at Berkeley and at San Francisco, and 
Stanford University, Its proximity to the technologists 
of Silicon Valley is an asset as well. Future scientific 
advances likely will be at the interface of different dis- 
ciplines—a “convergence” that requires breaking down 
barriers between fields. This is exactly what Biohub is 
planning. Such cross-disciplinary, open, and collabora- 
tive research also has been envisioned by other philan- 
thropists, including Eli and 
Edythe Broad when the 
Broad Institute was orga- 
nized in 2004. 

In 2012, the Science Phi- 
lanthropy Alliance was 
launched (for which I am an 
advisor) to shepherd private 
giving for basic research. 
Drawing on the expertise 
of foundations, philanthro- 
pists, and scientists across 
fields of basic research, 
the Alliance helps philan- 
thropists make forays into 
supporting creative basic 
research. Indeed, Chan and 
Zuckerberg spoke with a 
wide range of scientists (in- 
cluding me) and philanthro- 
pists from around the world, 
through the Alliance net- 
work, to better understand 
where their intervention 
could make important things happen that otherwise 
would languish. They have dared to think big, and I 
encourage philanthropists to engage with the scientific 
community for advice. 

‘This year has already seen billions of philanthropic 
dollars go to science, including from Paul Allen to sup- 
port bioscience, Sean Parker to advance cancer immu- 
notherapy research, Sandy and Joan Weill for brain 
research, and Yuri Milner for the study of our universe. 
‘These dollars will play an important role in scientific 
progress. Big-profile gifts raise concerns for some, such 
as downplaying the need to increase federal dollars for 
basic research, But these gifts are certainly broadcast- 
ing a common message—philanthropists recognize that 
a long view of progress is worth investing in. 

-David Baltimore 


David Baltimore 
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Ecologist Ben Novak of Revive & Restore in San Francisco, California, on 
“reviving” extinct species; he says good candidates have a unique ecosystem role, 
like the forest-altering passenger pigeon. http://bit.ly/deextinction 


Aview of the Arctic in high relief 


eee ae 


he thawing surface of the Aretic is coming into finer focus. On 
29 September, U.S. officials released new high-resolution digi- 
tal elevation models (DEMs) for 94% of the Arctic. The maps 
can help track thawing glaciers, count sinkholes in thawing 
permafrost, and calculate the release of carbon from clear-cut 
forests. Here, a DEM with an 8-meter resolution shows western 
Greenland’s Illullip Glacier as it plunges into the ocean. The project 
relies on stereo satellite images; combined, they create a DEM that 
is vertically accurate within 50 centimeters. Even higher 2-meter- 
resolution models for Alaska and parts of Russia have now been re- 
leased, and models for the rest of the Arctic at that resolution should 
be finished by next year, says Paul Morin, who leads the ArcticCDEM 
project at the Polar Geospatial Center at the University of Minnesota, 
‘Twin Cities. The maps were released at a meeting of science ministers 
and other high-level officials held this week in Washington, D.C, part 
of a White House effort to advance international science collabora- 
tion in the Arctic. Airborne LIDAR (light detection and ranging), a 
radarlike approach that uses lasers, has mapped smaller areas in fine 
detail—but those efforts are expensive and spotty. Next up, Morin 
says, is a new DEM for Antarctica. 
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China’s space clock is ticking 
JIUQUAN SATELLITE LAUNCH CENTER, IN 
cHina | China's Cold Atom Clock in Space 
(CACS) experiment, the first of its kind 

in orbit, was confirmed to be operating. 
smoothly last week after being launched 
aboard the Tiangong-2 space station on 

15 September. Freed from gravitational 
effects, the CACS promises to be more 
accurate than its Earth-bound counter- 
parts, expected to lose only a second over 
30 million years. To keep time, the clock 
counts signals emitted by the supercooled 
rubidium atoms as they oscillate between 
energy states. Such clocks might find 
applications in navigation systems and 
measuring fundamental constants such 

as the gravitational redshift. The CACS is 
one of 14 scientific instruments aboard 
‘Tiangong-2 and an example of how “space 
science experiments have been becoming 
more and more important,’ says Liu Liang, 
a physicist at the Chinese Academy of 
Sciences's Shanghai Institute of Optics and 
Fine Mechanics who led the work on the 
clock. Tiangong-2 is a step toward China's 
goal of a permanent orbiting space station. 


U.N. declares war on superbugs 
NEW YorK city | The United Nations 
General Assembly last week unanimously 
approved a political declaration commit- 
ting nations to a more active battle against 
the growing global threat of microbial 
resistance to existing drugs. “Antimicrobial 
resistance is a global crisis—a slow motion 
tsunami,” Margaret Chan, director-general 
of the World Health Organization (WHO) 
in Geneva, Switzerland, told the assembly. 
‘The document, which pledges nations to 
follow a blueprint laid out last year by 
WHO, calls for sustained research and 
development on new antimicrobials and 
diagnostics, and for incentives to attract 
pharmaccutical company investment. It 
also calls for appropriate use of exist- 

ing medicines and vaccines in humans, 
animals, and agriculture, Misuse of 
once-effective drugs has led to rapidly 
evolving resistance in many microbial 
species; for example, WHO estimates 

that in 2014, 480,000 people developed 
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Ig Nobels honor goat man, mirror scratching 


ondon technologist Thomas Thwaites wanted a break from 
being human. So, after designing custom prosthetic limbs and 
undergoing intense physical training, he lived like a goat in the 
Swiss Alps for a few days, chewing grass and just trying to fit in 
with the herd. Its crucial to have friends in the goats’ intensely 
hierarchical world, Thwaites says; luckily, he adds, he found a goat 
“buddy” And last week, at a ceremony at Harvard University, his 
hard work also earned him an Ig Nobel Prize in biology. He shared 
the prize with Oxford, U.K.-based ethicist and veterinarian Charles 


Thomas Thwaites's 
commitment to living 
‘asa goat earned him 

‘an ig Nobel Prize. 


Foster, who, independently, lived for days at a time asa badger to 
better understand the nonhuman “worldview.” In fact, many of the 
winning studies in this 26th year of the Ig Nobel contest—which 
celebrates scientific studies that "make you laugh, and then think” 
focused on perception and deception, from surveys asking liars 
how often they lie (and pondering whether to believe their answers) 
to studies of itch relief via scratching the wrong arm in a mirror. 
Each Ig Nobel winner received a $10 trillion prize—a Zimbabwean 
banknote with little value asa result of hyperinflation, 


multidrug-resistant tuberculosis (TB), 
linked to incorrect use of TB therapies and 
to poor quality medicines, 


Human embryo DNA edited 
STOCKHOLM | As the ethics of gene edit- 
ing in human embryos continues to spark 
intense debate, Swedish developmental 
biologist Fredrik Lanner of the Karolinska 
Institute in Stockholm is now the first 
researcher to begin trying to edit healthy 
human embryos, NPR reported last week. 
(Chinese scientists in April reported 
using gene editing on flawed embryos not 
viable for fertility treatments.) Using the 
gene-editing technology CRISPR-Cas9, 
Lanner aims to deactivate genes in the 
embryos to see what roles they play in 
early development, and to find 

new treatments for infertil- 
ity and miscarriage. U.K. 
scientists were given 
the go-ahead for 
similar research 

in February. Many 


Athuman embryo at the 
eight-cell stage, very early 
in its development. 
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researchers worry that gene editing will 
lead to “designer babies” and new heredi- 
tary diseases, but Lanner has defended his 
efforts, saying that basic research like his 
is necessary to avoid those situations. 


Experimental reactor’s end nigh? 
toxyo | Japan may finally pull the 
plug on Monju, an experimental reac- 
tor plagued by accidents, cover-ups, cost 
overruns, and other problems that have 
kept it idle for all but a few months since 
it came online in 1994. On 21 September, 
Japanese media reported that the nation's 
cabinet had decided to set up a commit- 
tee to explore decommissioning Monju. A 
“breeder” reactor, it was intended to burn 
plutonium that had accumulated in the 
spent fuel of conventional reactors; the 
plutonium would be blended with 
natural or reprocessed uranium 
idigItimately produce more fis- 
sile fuel that it consumed. But 
in December 1994, just months 
after achieving a self-sustained 
nuclear reaction, it suffered a 
massive coolant leak and resul- 
tant fire. Continuing accidents 
and safety issues have kept it 
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mostly offline ever since, and Japan's utili- 
ties and citizens’ groups have long since 
soured on the project. However, a final 
decision won't be reached until the end of 
this year. http://bitly/Monju 


FINDINGS 
U.S. off track for climate goal 


Nearly a year after the Paris climate change 
summit, the United States must close a 
significant gap to meet the commitments 

it made to cut greenhouse gases, according 
to a new analysis in Nature Climate Change 
this week. Even if the United States imple- 
ments all current and proposed policies, 

it would miss a 2025 target by as much as 
15 billion metric tons of carbon dioxide 
per year—roughly 20% of the nation’s total 
emissions. The 2025 pledge is to cut green- 
house gas emissions by 26% to 28% below 
2005 levels—down to between 4.5 billion 
and 5.5 billion metric tons. The study, by 
scientists at the federal Lawrence Berkeley 
National Laboratory in Berkeley, California, 
found that the United States would only 
reach the goal in the most optimistic 
scenario: if the Obama administration's 
power plant regulations survive a current 
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court challenge; if policymakers take 
additional steps, including more electricity 
regulations and stopping methane leaks 
from oil and gas drilling; and if all of those 
measures produce the biggest emission 
reductions possible. http://bitly/ClimateGoal 


NEWSMAKERS 


Head of fusion lab exits 


‘Stewart Prager has stepped down as 
director of the Princeton Plasma Physics 
Laboratory (PPL) in New Jersey, after 
a malfunction this summer knocked the 
lab’s main facility out of action, perhaps 
for a year. PPPL physicists aim to study 
the fusion of deuterium nuclei trapped in 
magnetic fields within the lab’s National 
Spherical Torus Experiment, which had 
undergone a $94 million upgrade from 
2012 until last year. However, in August 


Fertility specialist 
John Zhang holds the 
‘newborn baby (face 
blurred for privacy). 


a magnetic coil failed, rendering the 
machine inoperable. Researchers are 
working to figure out what happened and 
redesign the machine, says PPPL spokes 
person Larry Bernard. Prager said in a 
statement that after 8 years as director he 
‘was already thinking of stepping down. 
“It is best for new, continuing leadership 
to shepherd the rebuilding of the facility 
and the engineering changes that will be 
needed over the next year,” Prager says. 
PPPL's Terry Brog will serve as acting 
director until a new director is chosen, 


Three Qs 


Facebook Co-Founder Mark Zuckerberg 
and his wife, pediatrician Priscilla Chan, 
plan to devote $3 billion over 10 years to 
bring together scientists and engineers “to 
help cure, prevent, or manage all diseases 
by the end of the century” (Science, 


New method makes ‘three-parent’ baby 


ive months ago a little boy was born with cells containing DNA from three 
parents—the first baby to be created through a new genetic technique in order to 
avoid mitochondrial disease, New Scientist revealed this week. The method aims 
to prevent a rare class of conditions in which the DNA of the mother's mito- 
chondria, the energy-generating organelles in all human cells including eggs, is, 
defective, Inheriting such mutations can produce life-threatening disease in the baby. 
The new method, previously tried on monkeys, was performed in Mexico by New York 
City fertility specialist John Zhang and his colleagues; US. officials haven't yet given it 
the green light. The mother was a 36-year-old woman who had lost two children toa 
mitochondrial disease, By removing the DNA-containing nucleus from one of her eggs 
and inserting it into the nucleus-free egg of a donor, which was then fertilized with the 
father's sperm, researchers avoided passing along the defective mitochondrial DNA— 
but left the baby with three genetic parents. The baby was still healthy at 3 months, the 


team notes in an abstract for an October meeting. 
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23 September, p. 1346). The Chan 
Zuckerberg Initiative’s science venture 
will be led by neurobiologist Cornelia 
Bargmann of The Rockefeller University 
in New York City, who was also co-chair of 
the advisory group to the federal govern- 
ment'’s Brain Research through Advancing 
Innovative Neurotechnologies (BRAIN) 
Initiative, http://bit.ly/BargmannQA 


Q: Why did you want to leave full-time 
research for this job? 

A: This initiative is a spectacular opportu- 
nity to do something unique and forward 
looking and effective for science. When 
something like that comes your way, you 
just have to say yes. 


Q: Did working on the BRAIN Initiative get you 
interested in leading a big science project? 

A: I've seen that you can work with sci- 
entists from different backgrounds and 
sensibilities and come up with something 
better than anyone can do alone. I think 
that prepared me ... for what it would take 
to do something like this. 


Q: The goal of curing or managing all 
diseases by 2100 is ambitious. Is it doable? 
A: Do you know how much medicine has 
advanced in the past 80 years? Even in 

our lifetime, in terms of heart disease and 
cancer and AIDS. Why should that stop 
now? Part of the genius of this [initiative] is 
that long-term time frame. There are a lot of 
problems that will take decades. But if you 
know they're important, you keep working 
on them. 


Six contenders for WHO head 


‘The World Health Organization (WHO) in 
Geneva, Switzerland, on 23 September 
unveiled the names of the six candidates 
vying to succeed Margaret Chan as director- 
general. They include: Ethiopian Minister of 
Foreign Affairs and former Minister of 
Health Tedros Adhanom Ghebreyesus; 
Italian physician and WHO Assistant 
Director-General for Family, Women's and 
Children's Health Flavia Bustreo; French 
cardiologist and former Minister of Health 
Philippe Douste-Blazy; UK. physician David 
Nabarro, who is leading the United Nations’s 
response to the Haiti cholera outbreak; 
Pakistani cardiologist and former science 
and technology minister Sania Nishtar; and 
Hungarian physician and former health 
minister Miklés Szécska. The elections, 
which will be held in May 2017, come at a 
critical point for WHO, which was widely crit- 
icized for its slow response to the Ebola out- 
break in West Africa and is in the middle of 
implementing reforms. http://bit.ly/WHOhead 


sciencemag.org SCIENCE 


‘ncemag.org/ on October 7, 2016 


Iscience, 


Downloaded from http: 


NEWS | IN DEPTH 


way, NASA asked the DSN to cut its budget 
by $100 million over 7 years. In late 2015, 
the DSN was asked to find further cuts. 
“If you look at NASA's budget for the DSN 
it tends to go down in time, rather than 
up,” said Leslie Deutsch, deputy director 
of JPL’s interplanetary network director- 
ate, in an August presentation to a NASA 
working group. 

‘These cuts do not hit day-to-day opera- 
tions, Vrotsos says. “Our first, second, and 
third job is to return all the science data 
possible.” But they have delayed the start of 
new antennas and transmitters in Madrid 
and California, and they could complicate 
repairs to cracking, degraded conerete in 
the pedestals of two Madrid dishes. Last 
year, a report from NASASs Office of In- 
spector General warned that these post- 
Pponements could jeopardize the network's 
reliability, especially for older missions, like 
Voyager 1 and 2, that depend on congested 
radio bands only supported by some of the 
network's older dishes. 

If there's hope for further investment 
in deep-space communication, it might be 
international: In 2013, the European Space 
Agency (ESA) finished its own 120° network 
of 35-meter antennas in Spain, Australia, 
and Argentina, which now communicates 
with ESA missions like Rosetta, Gaia, and 
‘Mars Express, and also backs up the NASA 
network, India and Japan have individual 
antennas to communicate with their mis- 
sions, and NASA has been in talks with 
South Korea and the United Arab Emirates 
‘as potential DSN partners, 

Further on, JPL plans to save money by 
operating the antennas remotely rather 
than staffing each location continuously. It 
also plans to move to an internet-inspired 
scheme for transmitting data packets that 
is more tolerant of faults. 

‘Meanwhile, NASA has begun testing 
laser-based systems as possible successors 
to radio transmissions, Optical signals, with 
wavelengths 10,000 times shorter than ra- 
dio waves, allow far higher rates of data 
transmission and aren't subject to inter- 
ference from Earth's cacophonous ra- 
dio bands. As a result, the transmitters 
can be small, light, and energy efficient. 
(However, clouds can easily block the sig- 
nals, which means that low-Earth-orbit 
relay satellites may be needed for an 
“interplanetary internet”) 

For now, scientists want to be certain 
the DSN has the support it needs to stay 
in the background, says Clive Neal, a lunar 
scientist at the University of Notre Dame in 
South Bend, Indiana. “It’s worked so well 
for so many years that people do take it for 
granted,” he says. “Are proper investments 
being made so we can continue to?” = 
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Will Nobel 
Prize overlook 
LIGO’s master 
builder? 


Barry Barish assembled the 
gravitational wave detectors 
but hasn’t shared the glory 


By Adrian Cho 


ext week, the 2016 Nobel Prize in 
Physics will be announced, and many 
scientists expect it to honor the de- 
tection of ripples in space called 
gravitational waves, reported in Feb- 
ruary. If other prizes are a guide, the 
Nobel will go to the troika of physicists who 
32 years ago conceived of LIGO, the duo of 
giant detectors responsible for the discov- 
ery: Rainer Weiss of the Massachusetts In- 
stitute of Technology (MIT) in Cambridge, 
and Ronald Drever and Kip Thorne of the 
California Institute of Technology (Caltech) 
in Pasadena. But some influential physi- 
cists, including previous Nobel laureates, 
say the prize, which can be split three ways 
at most, should include somebody else: 
Barry Barish. 

Barish, a particle physicist at Caltech, 
didn't invent LIGO, the Laser Interfero- 
meter Gravitational-Wave _ Observatory 
But he made it happen. The hardware 
at LIGO's two observatories in Hanford, 
Washington, and Livingston, Louisiana; 
the structure of the collaboration; even the 
big-science character of gravitational wave 
research—all were molded by Barish, who 
is now 80. “Without him there would have 
been no discovery,” says Sheldon Glashow, 
a Nobel Prize-winning theorist at Boston 
University, who has written to some mem- 
bers of the Nobel Committee arguing the 
case for Barish, “It would be an enormous 
injustice” if he didn't share in the Nobel, 
Glashow says. 

When Barish took over as the second di- 
rector of LIGO in 1994, he inherited a project 
that was “dead in the water,” says Richard 
Isaacson, the National Science Founda- 
tion’s (NSF's) program director for gravita- 
tional physies from 1973 to 2002. LIGO had 
hatched a decade earlier, when NSF began 
funding Weiss and Drever to marry their 
work on using interferometers—L-shaped 
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assemblages of lasers and mirrors—to de- 
tect the stretching of space set off by, say, 
two massive black holes spiraling together. 
But with Weiss, Drever, and Thorne, a theo- 
rist, tripping over one another, the project 
remained larval. By 1987, NSF wanted a 
single director for the project, and Caltech 
appointed Rochus “Robbie” Vogt. 

Decisive but volatile, Vogt pulled the 
team together to write a coherent proposal 
for twin interferometers with 4-kilometer- 
long arms. He won crucial support in 
Washington, D.C,, says Stanley Whitcomb, 
a LIGO physicist at Caltech. “Robbie was 
very effective in conveying to members of 
Congress the excitement of LIGO's science,” 
he says. In 1990, the National Science 
Board (NSB), which sets policy for NSF, 
approved construction of the observatory, 
priced at $250 million—the biggest thing 
NSF had ever attempted. 

But Vogt disdained bureaucratic over- 
sight and vexed NSF officials. He kept the 
LIGO team unworkably small and refused 
to supply a detailed work plan or docu- 
ment researchers’ progress, Isaacson says. 
‘Things got so bad that in 1993 NSF asked 
Congress to hold back $43 million that the 
agency had requested for LIGO the follow- 
ing year. By the end of the year, Caltech 
eased Vogt out of leadership. 

Barish brought swift and sweeping 
changes. Lanky, soft-spoken, and even- 
tempered, he was born in Omaha, Nebraska, 
and raised in Los Angeles, California, where 
he attended public schools. He already had 
experience with big collaborations, having 
worked in a group of 140 physicists search- 
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ing for particles called magnetic monopoles 
at Italy's underground Gran Sasso National 
Laboratory, He had also worked on the big- 
gest of big-science projects, the $10 billion 
Superconducting Super Collider in Waxa- 
hachie, Texas, which Congress canceled mid- 
construction in 1993. 


First off, Barish reorganized LIGO 
management, expanding the team and 
delegating authority. Within months, he 
developed the detailed work plan that NSF 
wanted. Whereas Vogt stressed unfettered 
innovation, Barish likened LIGO to build- 
ing a bridge—one that would be very long, 
complicated, and expensive. He revised the 
Project to improve infrastructure, such as 
the vacuum chambers that hold the inter- 
ferometers. He also established permanent 
scientific staff at the two LIGO outposts 
and a steady R&D program for future up- 
grades. These changes required a budget 
boost to $292 million, Isaacson says, which 
NSB approved. 


Barish and his deputy, Caltech’s Gary 


Sanders, also shook up the culture of the 
collaboration. Caltech physicists had a 
prototype interferometer and relied on 
experienced individuals to restart it daily. 
Barish and Sanders prodded them to run 
it steadily 24 hours a day and to study it 


methodically, eliminating what Sanders 
calls the “guru mentality” The factorylike 
approach galled many of LIGO's leading 
lights, who felt devalued and quit, 
‘Meanwhile, Barish expanded LIGO be- 
yond the bounds of Caltech and MIT. In 
1997, he brought in new expertise by es- 
tablishing the independent LIGO Scientific 


SCIENCE sciencemag.org 


Collaboration (LSC), the group of external 
scientists who would use LIGO. “I don’t 
think we would have made the discovery in 
the time we did without that massive ac- 
cumulation of intellect,” says David Berley, 
NSF's project manager for LIGO from 1992 
to 2000, Sanders says the decision to create 
LSC was initially unpopular among physi- 
cists who feared that big science was taking 
over their field, (It was.) 

Key technical aspects of the LIGO inter- 
ferometers reflect Barish’s touch, too. He 
decided to change the lasers that pump 
light into the instruments 
from ones that squeeze 
light from argon gas to 


In February, Barry Barish presented 
LIGO's discovery to physicists, while 
other leaders spoke to the press. 


spokesperson for the 1100-member LSC. 

Ironically, Barish recently tarnished his 
own sterling reputation. In May, at a meet- 
ing in Pittsburgh, Pennsylvania, he began 
an after-dinner talk with a slide showing a 
man writing on a woman's bare back and, 
next to her, a stage prop in the form of a 
cartoonish racial caricature. The incident 
ignited a Twitterstorm, and in a statement 
LSC disavowed the image as “inherently 
very offensive.” Barish says he found the 
photograph, from an early 20th century 
Broadway playbill, on the internet and was 
trying to make a play on the term “back 
story.” He says he hadn't noticed the sex- 
ist and racist content. “I made a mistake, 
Ishould have been more careful,” he says. 

Barish apologized to the entire LIGO 
collaboration by email. But Elizabeth 
Simmons, a theorist from Michigan State 
University in East Lansing, says she ques- 
tioned Barish about the image at the dinner 
and that he dismissed her objection, saying, 
“This [slide] is not my talk.” Tova Holmes, a 
graduate student at the University of Cali- 
fornia, Berkeley, who also attended the din- 
ner, says, “Anybody who had ever thought 
about what it is like not to be a white 
man in physies would never have chosen 
that image” 

Other prizes suggest Barish is a long shot 
for the Nobel. Several awards have already 
honored LIGO's discovery, including the 
Gruber Cosmology Prize, the Kavli Prize in 
Astrophysics, the Shaw Prize in Astronomy, 
and the Special Break- 
through Prize in Funda- 
mental Physics, All lauded 


“yi ; 
more powerful and reli. “Without him Weiss, Drever, and Thorne, 
able solid-state lasers, then there would have but not Barish. 

just coming to market. He 7 a ‘The situation highlights 
also pushed to switch from been no discovery. a problem for prizes: They 


analog to digital controls. 

Construction of LIGO 
finished in 1999, and it be- 
gan taking data 3 years later. Barish stepped 
down in 2005 to head up design of the 
International Linear Collider, a proposed 
30-kilometer, straight-shot accelerator that 
some particle physicists sa 
their field. But before giving up the reins, 
he ushered through plans for a crucial up- 
grade to the interferometers that ensured 
LIGO’s almost immediate success in detect- 
ing gravitational waves when the machines 
turned on a year ago. LIGO collaborators 
say Barish set a high standard for fairness 
and integrity. “I always felt appreciated and 
respected by him,” says Gabriela Gonzalez 
of Louisiana State University, Baton Rouge, 
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Sheldon Glashow, 


favor ideas over execution. 
“There isn’t a way to rec- 
ognize good management,” 
Gonzalez says. Whitcomb says that the 
U.S. National Medal of Science, honoring 
science in service to the nation, would be 
“well, well deserved” for Barish. 

Of the Nobel, Barish says, “I think there's 
a bit of truth that LIGO wouldn't be here 
if I didn’t do it, so I don’t think I'm un- 
deserving.” He's hoping that the Nobel 
Committee takes the time to learn LIGO's 
history. “If they wait a year and give it to 
these three guys, at least I'll feel that they 
thought about it” he says. “If they decide 
[to give it to them] this October, I'll have 
more bad feelings because they won't have 
done their homework.” = 


$0 SEPTEMBER 2016 + VOL S58 ISSUE s$o7 1479 


iencemag.org/ on October 7, 2016 


Downloaded from http:/science. 


NEWS | IN DEP! 


ENVIRONMENTAL POLICY 


Canada aims to rewrite environmental law 


Scientists urge Trudeau government to adopt stronger rules for project reviews 


By Lesley Evans Ogden 


fter Canadian officials approved con- 
struction of a massive dam on Brit- 
ish Columbia's Peace River in 2014, 
many of the nation’s environmental 
scientists were dismayed. The dam 
would drown key wildlife habitat 
and First Nations lands, they argued, and 
the decision highlighted how the nation’s 
Conservative government had weakened 
the rules for assessing the environmental 
impacts of projects such as mines, dams, 
and pipelines. The 2012 rewrite 
of the Canadian Environmen- 
tal Assessment Act (CEAA) had 
cut the number of reviews from 
thousands to a handful, reduced 
input from independent experts 
and the public, and shifted 
some oversight from national to 
provincial officials, To research- 
ers, the changes snubbed sci 
ence in the name of promoting 
economic growth. 

Now, under new Liberal 
Prime Minister Justin Trudeau, 
researchers are getting a chance 
to help rewrite the rules again. 
This month, an expert panel 
appointed by Trudeau's govern- 
ment launched a 3-month-long, 
nationwide listening tour to col- 
lect ideas for revising the CEAA. 
Its goal is to issue recommenda- 
tions on how Trudeau can fulfill 
his promises to “restore confidence” in Can- 
ada’s environmental reviews and “ensure 
that decisions on major projects are based 
on science, facts, and evidence.” 

‘The effort—part of Trudeau's broader 
push to revamp Canada’s environmental 
policies—is likely to fuel fierce debate. In- 
dustry groups say they welcome the discus- 
sion, but some have signaled that they see 
little need for major reforms, In contrast, 
calls for wholesale change are coming from 
some scientists and First Nations groups, 
which argue they have too little voice in 
decisions affecting their livelihoods. “We 
need to re-engineer environmental assess- 
ment from the ground floor up,” says Chris 
‘Tollefson, a law professor at the University 
of Victoria in Canada and executive director 
of the Pacific Centre for Environmental Law 
and Litigation. But that “is not going to be 
an easy thing to do,’ he predicts. 
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Academic researchers who have joined 
the fray say one of their major goals is to 
increase the transparency of data used in 
assessing projects. Now, companies seeking 
permits for proposed projects hire consul- 
tants to collect many of the data required 
by government regulators. But that material 
is often inaccessible to the public, native 
governments, and independent scientists, 
notes ecologist Jon Moore of Simon Fra- 
ser University, Burnaby, in Canada. Such 
secrecy has “undesirable consequences, 


‘Moore argued in comments filed earlier this 


Critics say Canada's environmental assessment aw, which was rewritten in 2012, 
doesn't provide for proper oversight of major projects such as oll sands mines. 


year on issues the government should con- 
sider in its CEAA review. It is “financially 
inefficient; each project must be assessed 
without fully benefiting from previous 
environmental assessments” It also “does 
not contribute to scientific progress in 
Canada,” because outside researchers can’t 
draw on the data. And it obscures how deci- 
sions were reached. “Science and evidence 
can be torqued,” Moore concluded, “when it 
is under such strong conflicts of interest.” 

Such issues highlight the “need to figure 
out a way, within the [environmental assess- 
ment] process, to fund and support truly 
independent science,” wrote Tollefson, who 
also submitted comments. But he noted that 
budget cuts at federal agencies that are sup- 
posed to provide expertise for assessments 
mean other groups—including conservation 
and First Nations groups—may have to find 
ways to fill the information gaps. 
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Industry groups have downplayed con- 
cerns about transparency and conflicts of 
interest. The “scientific requirements asso- 
ciated with [assessments] are comprehen- 
sive and well established,” wrote Patrick 
MeDonald, manager of oil sands at the Ca- 
nadian Association for Petroleum Produc- 
ers in Calgary, in comments. And he says 
industry hires consultants that meet “the 
utmost professional standards” 

Researchers also want officials to put 
assessments in a broader context. Some, in- 
cluding mining officials, argue the current 
process does a poor job of eval- 
wating “cumulative impacts’— 
how multiple mines may affect a 
single river, for example. And it 
ignores how a project may affect 
Canada's ability to meet commit- 
ments made under international 
pacts on climate, sustainable 
development, or biodiversity 
protection. Too often, says po- 
litical scientist Robert Gibson 
of the University of Waterloo in 
Canada, the CEAA accepts deg- 
radation instead of encouraging 
improvement. “We want things 
to get better, so why should 
your ... process be aiming for 
‘less bad’?” 

Others warn against making 
the law so broad that regula- 
tors once again must assess 
thousands of projects. The 
government has reviewed just 
14 projects under the 2012 rewrite, they 
note, rejecting two. “What needs to happen 
in this third iteration is to find a middle 
ground between assessing every project, 
versus only focusing on these big projects,” 
argues Martin Olszynski, a law professor at 
the University of Calgary. 

‘The expert panel that will weigh such 
arguments includes legal, aboriginal, and 
industry experts, but no research scientists. 
‘That is a “glaring omission,” argues Alana 
Westwood, a Halifax-based ecologist with 
Evidence for Democracy, a science advocacy 
group in Ottawa, Researchers won't know 
whether their ideas have gained traction un- 
til the end of January 2017, when the panel is 
scheduled to present its recommendations to 
government officials. 


Lesley Evans Ogden is a writer in 
Vancouver, Canada. 
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A lifeline for Greek science—or 
living on borrowed time? 


New foundation will fund peer-reviewed grants, but 


scientists fear that it won't bai 


By Erik Stokstad 


hen the global financial crisis hit 
Europe in 2008, no country’s sci- 
entists were hit harder than those 
in Greece, Funding for stipends 
and salaries plummeted and tal- 
ent began to flee, Now, the Greek 
government is trying to stop the nationwide 
brain drain—and perhaps reverse it. In 
the most visible step, this week the Greek 
parliament was expected to take up legisla- 
tion to create the Hellenic Foundation for 
Research and Innovation (HFRI). Intended 
to cut bureaucracy and political inter- 
ference as well as bolster funding, it is mod- 
eled after the German Research Foundation 
and the U.S. National Science Foundation. 
Politicians are expected to greenlight it 
by mid-October, 

Over the next 3 years, HFRI will distrib- 
ute about €225 million in peer-reviewed 
grants, The science ministry plans to spend 
| €18 million of the funds immediately 
on graduate and postdoctoral research 
projects, “It's a good start,” says Sotirios 
Harissopulos, director of the Institute of 
‘Nuclear and Particle Physics of the National 
Centre of Scientific Research Demokritos 
near Athens. “These are measures that will 
at least decelerate the brain drain.” But al- 
though many Greek researchers welcome 
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the new foundation, they say that much 
more funding is required to revitalize sci- 
ence in their country. “It is enough only 
for scientific survival,” says environmental 
chemist Euripides Stephanou, former rector 
of the University of Crete, who left last year 
to become research vice president at The 
Cyprus Institute in Athalassa, Greece. 
Between 2008 and 2010, total R&D 
spending in Greece fell 15%, and it hasn’t 
recovered to its precrisis peak. Austerity 
measures imposed since 2011 forced insti- 
tutes and universities to cut salaries by up 
to 30%. As staff left or retired, hiring freezes 
withered departments. At the Bioacademy, 
a major biomedical center in Athens, the 
number of graduate students and postdocs 
has fallen from 220 to fewer than 100 in 
the last year, “We're growing old as a re- 
search community,’ says Georgia Gregoriou, 
a neuroscientist at the University of Crete, 
Heraklion, in Greece. “This is terrible.” 
‘Total grant funding has held relatively 
steady thanks to the European Union's Hori- 
zon 2020 science program and the EU struc- 
tural funds for regional development, 8% of 
which Greece gives to science. The trouble 
is that the ministry's calls for proposals 
have been sporadic, funding decisions not 
always transparent, and money comes with 
what researchers describe as rigid terms 
and copious paperwork. Costas Fotakis, 
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Researchers in Greece developed a novel laser system 
to clean ancient sculptures. A new foundation hopes 
to rejuvenate the cash-starved scientific community. 


the research minister since 2015, says he 
has tried to simplify rules and speed up de- 
livery. But the latest tranche of EU funds, 
billion for Greek R&D from 2014 to 
2020, poses a new dilemma: EU regula- 
tions now specify that the funds must be 
spent mainly in poorer provinces, which is 
not where most researchers in Greece are 
located. Fotakis hopes to find a solution by 
next year, 

HERI won't have that geographic con- 
straint in distributing grants, nor have to 
earmark money for applied science. In ad- 
dition, it will regularly solicit proposals— 
a longstanding wish of Greek scientists, 
According to the draft law, universities 
and research centers will elect a board to 
oversee the foundation. “The state will not 
interfere in scientific choices or prioritiza- 
tion,’ Fotakis says. (Stephanou worries that 
the board might fall vietim to academic 
politics, though.) The call for Ph.D. proj- 
ect funding will be released in the coming 
days, followed by a call for postdoctoral 
research grants, and the ministry hopes to 
put money in the pockets of successful ap- 
plicants by January 2017. 

“All of this is peanuts compared to the 
needs of the research sector,” says Achilleas 
Mitsos of the University of the Aegean, 
Mytilini, in Greece. Overall Greek invest- 
ment in science and innovation was 0.8% of 
gross domestic product in 2014. The govern- 
ment hopes to raise that to 1%—still just half 
the EU average. Greece's ambitions could be 
undermined by the short-term nature of 
HFRI's funding, three-quarters of which is 
a loan from the European Investment Bank. 
Fotakis says the government plans to con- 
tinue its contribution to HFRI—€20 million 
a year—after 2018. 

In other steps, the science ministry raised 
the budget for government-funded research 
institutes by 60% for 2016, nearly to precrisis 
levels. It also approved 100 hires for these 
research centers and 500 hires for university 
positions for this year, and another 500 for 
universities next year. “Things are definitely 
better” says Ioannis Georgantopoulos, an 
xray astronomer at the National Observa- 
tory of Athens, who plans in the coming 
months to advertise new staff positions—for 
the first time in 6 years. 

Some scientists remain skeptical that the 
government can truly deliver, but Nektarios 
Tavernarakis, director of the Institute of 
Molecular Biology and Biotechnology in 
Heraklion, says morale at his center is up. 
“People feel that the worst has passed, and 
that there are reasons to be optimistic.” 
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Rosetta ends 2 


year comet 


mission with final descent 


Fluffy particles indicate that 67F/Churyumov-Gerasimenko 


was born gently from flocks o 
By Daniel Clery 


Il good things must come to an end, 
and so it will be on 30 September 
when the Rosetta spacecraft makes 
its planned soft landing onto the 
surface of comet 67P/Churyumov- 
Gerasimenko, the culmination of 

2 years of close-up studies. Solar power has 

waned as 67P’s orbit takes it and the orbit- 

ing Rosetta farther from the sun, and so the 
mission team decided to go on a last data- 
gathering descent before the lights go out. 

Contact with Rosetta will almost certainly be 

lost after it lands, as its communication dish 

is unlikely to be pointed toward Earth. 

‘This last data grab—including detailed 
imaging of the comet’s surface—is a bonus 
after a mission that is already changing theo- 
rists’ views about how comets and planets 
arose early in the solar system. Several Ro- 
setta observations suggest that comets form 
not from jolting mergers of larger cometesi- 
mals, meters to kilometers across, but rather 
from the gentle coalescence of clouds of peb- 
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bles, And the detection of a single, feather- 
light, millimeter-sized particle, announced 
‘on 29 September at a European Space Agency 
(ESA) press briefing, should further the view 
of a quiet birth. It appears to be a fragile dust 
mote that has survived, cradled in the comet, 
since the birth of the solar system. “This re- 
ally is the seed at the starting point of every- 
thing,’ says Marco Fulle, a mission scientist at 
the Trieste Astronomical Observatory in Italy. 

As the mission winds down, Rosetta sci- 
entists are finally in a position to answer 
one of their earliest questions about 67P: 
the origin of its two-lobed “rubber duck’ 
shape, Were two small comets glommed to- 
gether at some point in the past, or is one 
body being eroded by the sun into a dumb- 
bell shape? A consensus is beginning to 
emerge. Rosetta’s camera found onionlike 
layers created during formation but exposed 
on 67P's surface by erosion, The layers are 
oriented differently in the two lobes, sug- 
gesting separate formation and a later meld, 
But the union must have been gentle, be- 
cause the comet lacks areas of high-density 
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Rosetta will land near a pit containing 3-meter-sized 
“goosebumps” Some think they are the comet's 
building blocks; others say they are too big. 


material that would have been created by a 
heavyweight crunch. 

Rosetta scientists are also killing off the 
age-old notion that comets are “dirty snow- 
balls,” mostly ice with some dust mixed in, 
As carlier studies of other comets had sug- 
gested, the comet “is more like an icy dirt- 
ball,’ says Anders Johansen, an astronomer 
at Lund University in Sweden who is not 
involved in the mission—an idea backed up 
by Rosetta’s observation of a high ratio of 
dust to water vapor in the material lofted 
into space by the sun's heat. This “dirt” is un- 
like anything found on Earth, Fulle says: a 
low-density mineral sponge, like pumice but 
extremely fragile, Some 70% of its volume is 
made up of voids, some of which are filled 
with organic molecules. 

On its surface, 67P looks like a miniplanet. 
“It has a wide variety of terrains, almost like 
Earth?’ says Eberhard Gruen, a mission sci- 
entist at the Max Planck Institute for Nuclear 
Physics in Heidelberg, Germany: apparently 
smooth plains, cliffs, and mountains. But un- 
like Earth, its surface is being eroded as the 
sun's heat turns on jets of sublimating ices, 
kicking up dust. Rosetta analyzed many of 
these particles as they launched off the sur- 
face, and most were made of compact, dense 
minerals that require the heat of the inner 
solar system to form. They probably drifted 
outward to cooler parts of the solar system, 
where they were swept up into the comet— 
suggesting they are not so primordial, says 
Alessandra Rotundi, principal investigator 
of Rosetta’s dust-analyzing instrument at the 
Parthenope University of Naples in Italy. 

But Rotundi’s team also detected particles 
that entered the instrument while registering 
no mass. “We thought something was wrong 
with the instrument,’ she says. These “fluffy 
particles,” also picked up by other sensors, 
tured out to have a density less than air on 
Earth, Researchers now estimate that 15% of 
67P's volume is made up of fluffy particles, 
which are 99.95% empty space. 

One of these delicate beasts found its 
way into an instrument that contains an 
atomic force microscope, capable of study- 
ing structures as small as a few nanometers. 
It showed that the fluffy particle has a frac- 
tal structure, like the branches of a tree 
or an indented coastline, with the same 
level of intricacy at scales both large and 
small, says Thurid Mannel, a scientist on 
the microscope instrument team at the In- 
stitute of Space Research in Graz, Austria, 
who presented preliminary results at the 
ESA briefing. The pattern is just what theo- 
rists would predict if it had been built up 
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gently by nanometer-sized particles stick- 
ing together in the nebula that formed the 
solar system, gradually growing in size as 
more and more particles were added. Not 
everyone is convinced about fluffy particles, 
Gruen says. “The final word is not out yet” 

But if they are as ancient and delicate as 
they appear, their survival on 67P suggests 
that the comet was not exposed to high 
temperatures or violent impacts. This runs 
counter to the traditional theory of comet 
(and planet) formation: that particles cling 
together into pebbles, which form boul- 
ders, which coalesce into kilometer-scale 
“cometesimals’—with collisions getting 
more violent at each stage. That scenario al- 
ready faced challenges: Whereas small par- 
ticles can stick electrostatically, it’s harder 
to explain the formation of meter-sized 
objects, which don’t exert much gravity. 

A rival theory holds that pebbles tend to 
gather in bunches because of aerodynamic 
drag in the primordial gas cloud; eventually, 
giant flocks of pebbles collapse under their 
own collective gravity to form comet-sized 
objects directly. Several strands of evidence 
suggest 67P was formed from pebbles: The 
size distribution of material blown off the 
surface shows much is centimeter-sized; ra- 
dio scans of 67P’s internal structure found 
few of the large voids expected to form 
around boulders; and before the short- 
lived Philae lander ran out of battery power 
it sent close-up images revealing a wealth 
of pebbles. “What we thought about the 
outer solar system may be wrong,” Fulle 
says. “Now, we have to fight to persuade 
people the comet formed in this way” 

Not all evidence supports this view. 
Images of pits in the comet's surface show 
numerous Iumps 3 meters across on the 
pits’ sides—“like oranges in a box,” says 
Holger Sierks of the Max Planck Institute 
for Solar System Research in Géttingen, 
Germany, chief of Rosetta’s main camera. 
Although these lumps may have formed 
as ices sublimated out of the pit, some 
team scientists believe that these out- 
sized “goosebumps” are 67P's primordial 
building blocks. They are a prime tar- 
get for imaging during today’s descent to 
the surface. 

A slew of instruments will keep gathering 
data as Rosetta approaches the surface at 
the speed of a gentle stroll. For team mem- 
bers whose instruments have already been 
turned off to conserve power, the ending 
is bittersweet—but their work is far from 
over. Most instrument teams have only ex- 
amined their own data, and are just now 
thinking about combining data sets. “We've 
just started collaborating with other teams,” 
Sierks says. “This is the beginning of the 
story, not the end.” = 
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Fossil fishes challenge 
‘urban legend’ of evolution 


Genome duplications, thought to power evolutionary 
radiations, can’t explain explosion of fishes 


By Elizabeth Pennisi 


magine a half-ton tuna laid out on a 
dock next to a seahorse, a minnow, and 
a moray eel, That's just a snapshot of the 
astonishing diversity found in the group 
of fishes called teleosts, or ray-finned fish, 
which today have 30,000 species—more 
than all living mammals, birds, reptiles, and 
amphibians combined. For more than a de- 
cade, many researchers have assumed that 
teleosts’ dizzying array of body types evolved 
because their immediate ancestor somehow 
duplicated its entire genome, leaving whole 
sets of genes free to take on other functions. 

Now, an examination of the fish fossil 
record challenges that view. 
Despite duplicating their ge- 
nome about 160 million years 
ago, teleost fish hewed to a few 
conventional body types for 
their first 150 million years. 
Meanwhile, the holostean 
fishes, a related group with ge- 
nomes that never underwent a 
doubling, evolved a stunning 
diversity of body plans. The 
work “demonstrates beauti- 
fully how necessary it is to look 
at the fossil record when test 
ing hypotheses about ... large- 
scale evolutionary changes,” 
says Robert Sansom, a pale- 
ontologist at the University 
of Manchester in the United Kingdom. 

‘The link between genome duplication 
and diversification has seemed so intuitive 
that it's “almost become an urban legend,” 
says Michael Lynch, an evolutionary bio- 
logist at Indiana University, Bloomington. 
The textbook case was the contrast between 
teleosts, with their spectacular diversity, 
and holosteans, which today have a mere 
cight species in just two body types (bow- 
fins and gars). Flowering plants, too, are 
rife with duplications and are champions of 
diversity among plants. In both cases, bio- 
ogists assumed that a DNA replication 
quirk doubled the genome. Then, while the 
preexisting genes kept the species viable, 
the extra gene copies could evolve new func- 
tions, thus speeding evolutionary change. 

John Clarke, now a paleontologist at the 
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University of Pennsylvania, decided to test 
this “legend” by comparing the diversity of 
teleosts and holosteans in the fossil record. 
He visited 15 museums around the world, 
measuring and photographing specimens 
from 250 million to 100 million years ago, 
then compared their rates of diversification. 
“Teleosts weren't always special,’ Clarke 
concludes. As he and his colleagues report 
this week in the Proceedings of the National 
Academy of Sciences, teleosts got off to a slow 
start in their first 150 million years. Mean- 
while, the holosteans evolved diverse shapes 
and sizes, most of which have since gone ex- 
tinct, “[Fish] without the duplicated genome 
are diversifying just fine,’ as fast or even 


Researchers puzzle over precisely how teleost fishes, such as this spotted 
sallfin sucker catfish, evolved a dazzling array of forms. 


faster than teleosts, notes Michael Alfaro, an 
evolutionary ichthyologist at the University 
of California, Los Angeles. 

Some evidence suggests that genome 
duplications may actually promote diver- 
sity, but not right away, In several groups 
of flowering plants, diversity seems to have 
exploded perhaps as many as 50 million 
years after the genomes doubled. “More and 
more examples from the plant field [show] a 
time lag,” says Ingo Braasch, an evolutionary 
developmental geneticist at Michigan State 
University in East Lansing. Such a lag might 
also be at play in the teleost story. 

Others, however, think it's time for evolu- 
tionary biologists to move on. “Genome du- 
plication was such a nice, tidy explanation” 
for this rich diversity, Sansom says. “Now, 
we need to look for other explanations.” m= 
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CRIME FORECASTER 


olice are turning to big data to stop crime before it happens. 
But is predictive policing biased—and does it even work’ 


By Mara Hvistendahl, in Pittsburgh, Pennsylvania; Photography by Stephanie Strasberg 


iding high in their squad car, offi- 
cers Jamie Pascucci and Joe Kania 

are cruising the neighborhood of 
Homewood, scanning the streets 

for trouble. Pittsburgh, Pennsylva- 

one of the highest murder 

among large U and 

violent crime is particularly severe 

in Homewood, a 98% black pocket 

1484 
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of aging, pock-marked Victorians on the 
cast side. Young, white officers from outside 
the neighborhood, and Kania pa- 
trol using a mixtu radio, calls to 
their department's communications center, 
and instinct. They get occasional help from 
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But starting next month, Pascucei and 
a new type of guidance. 

Homewood is set to become the ini 

pilot zone for Pittsburgh's “predictive 
licing” program, Police car laptops will dis 
play maps showing locations where crim 
crunching 
by scientists at Carn- 
In theory, the 
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maps could help cops do a better job of pre- 
venting crime. 

Many other cities have already adopted 
similar systems, which incorporate every- 
thing from minor crime reports to criminals’ 
Facebook profiles. They're catching on out- 

ide the United States as well. Drawing on 
approaches from fields as diverse as seismo- 
logy and epidemiology, the algorithms can 
help bring down crime rates while also re- 
ducing bias in policing, their creators say. 
They replace more basic trendspotting and 
gut feelings about where crimes will happen 
and who will commit them with ostensibly 
objective anal 

‘That's a strategy worth trying at a time 
when relations between U.S. police and 
minorities are at an all-time low, says Pitts- 
burgh Police Chief Cameron McLay, who 
acknowledges that policing has a long 
way to go to fix bias. (Last year, MeLay 
showed up at a New Year's Eve celebration 
holding a sign that read, “I resolve to end 
racism @ work,”) MeLay sees the use of big 
data—combined with more community 
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Officer Shane Kovach patrols Homewood, 
‘Pittsburgh, Pennsylvania, neighborhood where 
predictive policing will soon be introduced. 


focused strategies—as part of a palliative for 
policing’ ills 

But civil liberties groups and racial justice 
organizations are wary. They argue that pre- 
dictive policing perpetuates racial prejudice 
in a dangerous new way, by shrouding it in 
the legitimacy accorded by science. Crime 
prediction models rely on flawed statistics 
that reflect the inher- 
ent bias in the crimi- 


making crime forecasting “a real possibility 
rather than just a theoretical novelty.” s 
UCLA anthropologist Jeffrey Brantingham. 
LAPD was using hot spot maps of past 
crimes to determine where to send patrols— 
a strategy the department called “cops on 
the dot.” Brantingham’s team believed they 
could make the maps predictive rather than 
merely descriptive, 

Postdoctoral scholar George Mohler, now 
a mathematician at Indiana University- 
Purdue University, Indianapolis, suggested 
that borrowing models 
from seismology might 


nal justice system, they ¢¢ A fens be useful, Earthquakes 
contend—the same type“ hey’re not predicting take place at a relatively 
of bias that makes black the future. What they’re xed rate along existing 
men more likely to get er . fault lines, but quakes 
shot dead by the potice @ctually predicting is can also occur in clus- 


than white men. Privacy 
is another key concern, 
In Chicago, Mlinoi 
scientist has helped 
the police department 
generate a list of indi- 
viduals deemed likely 
to perpetrate or be 
victims of violent crime in the near fu- 
ture; those people are then told they're 
considered at risk, even if they have done 
nothing wrong. 

‘To what degree predictive policing actu- 
ally prevents crime, meanwhile, is up for 
debate. Proponents point to quick reduc- 
tions in crime rates. But John Hollywood, an 
analyst for RAND Corporation in Arlington, 
Virginia, who co-authored a report on the 
issue, says the advantage over other bes 
practice techniques is “incremental at best. 


THE NOTION OF CRIME FORECASTING dates 
back to 1931, when sociologist Clifford R. 
Shaw of the University of Chicago and 
criminologist Henry D. McKay of Chicago's 
Institute for Juvenile Research wrote a book 
exploring the persistence of juvenile crime 
in specific neighborhoods. Scientists have 
experimented with using. statistical and 
geospatial analyses to determine crime risk 
levels ever since. In the 1990s, the National 
Institute of Justice (NIJ) and others em- 
braced geographic information system tools 
for mapping crime data, and researchers 
began using everything from basic regres- 
sion analysis to cutting-edge mathematical 
models to forecast when and where the next 
outbreak might occur. But until recently, the 
limits of computing power and storage pre- 
vented them from using large data sets. 

In 2006, researchers at the University of 
California, Los Angeles (UCLA), and UC Ir- 
vine teamed up with the Los Angeles Police 
Department (LAPD). By then, police depart- 
ments were catching up in data collection, 
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one police observations are 


going to occur.” 


William Isaac, the Human Rights 
Data Analysis Group 


when an initial 
quake is followed by af- 
tershocks occurring near 
in time and space, Brant- 
ingham explains, “Crime 
is actually very similar” 
he says. Some crimes are 
caused by built-in fea- 
turesoftheenvironment,likeabarthatclosesat 
2am. every night, unleashing rowdy drunks 
onto a neighborhood. Others, such as a series 
of gang murders or a rash of neighborhood 
burglaries, happen because criminals’ sue- 
cess invites more crimes or incites retaliation. 
Criminologists call this “repeat victimiza- 
tion’—the criminal equivalent of aftershocks, 

Brantingham and Mohler developed an 
algorithm—now a proprietary software 
package called PredPol—that predicts what 
will happen within a given police shift, 
The software, used by 60 police depart- 
ments around the country, incorporates a 
narrow set of closely related crime events 
from both the immediate and longer-term 
past, with more recent crimes given heavier 
weight. The software strips personal details 
and looks at “only what, where, and when, 
Brantingham says, At the beginning of a 
shift, officers are shown maps with 150-by- 
150-meter boxes indicating where crime is 
likely to flare up. Fighting crime, the com- 
pany says in promotional slides, is about 
igetting in the box” 

Here in Pittsburgh, Carnegie Mellon data 
scientists Wil Gorr and Daniel Neill devel- 
oped a similar program for Chief McLay not 
long after he arrived in 2014, A fit, genial 
man who looks like Mr. Clean, MeLay previ- 
ously held what he calls a “retirement job” 
as a leadership development consultant; 
he decided to get back into active policing 
just days after Michael Brown, an unarmed 
black man, was killed in Ferguson, Missouri, 
triggering nationwide protests. McLay was 
convinced that improving the use of data in 
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Crimes of the future 

One commonly used approach in predictive 
policing seeks to forecast where and when crime 
will happen; another focuses on who will commit 
crime or become a victim. 


Predicting crime hot spots *=~»-~++« 


Data sets 
Predictive policing stats 
with lrge amounts of data 
‘on past crimes and factors 
that may influence crime. 


Predicting offenders or victims 


policing would lead to better outcomes. 

Like PredPol, Pittsburgh's CrimeSean pro- 
gram has a geographic focus, but it draws 
on a broader variety of indicators. Gorr and 
Neill took their inspiration from crimino- 
logy research showing that criminals tend to 
be generalists, and they tend to progress from 
minor to more serious crimes. As a result, the 
duo hypothesized, reports of minor crimes 
could help predict potential flare-ups of 
violent crime, In a gang confrontation, Neill 
says, “maybe it starts out 
with harsh words and 
offensive graffiti, and 
turns into fist fights, 
which turn into shoot- 
ings, which turn into 
lots of shootings” Along 


“There are some cities 
where they have done 
a great job on hot spot 


—ie _____ Response re = 
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Network analysis 

Software analyzes the social 
contacts of those that h 
been involved in past crime 


it's called, was inspired in part by stud- 
ies done by Andrew Papachristos, a socio- 
logist at Yale University. Papachristos grew 
up in Chicago's Rogers Park neighborhood 
in the 1980s and ’90s, at the height of the 
crack era. Being white insulated him from 
some of the violence, he says: “The color 
of my skin meant I never had to join a 
gang.” But one night, Papachristos watched 
as a gang burned his parents’ diner to 
the ground because they refused to pay 
extortion money. 
Decades later, when he 
started studying crime, 
Papachristos wanted to 
understand the networks 
behind it. For a 2014 pa- 
per, he and Christopher 


with observations from policing, and they have Witteman of Comet! 
the recent past, Crime- ; eae i University studied a high- 
Scan incorporates scores terrible relationships cline “neighborhood: ot: 
of minor erime offenses pith their communities — “hicaso's West Side. They 
and 911 calls—about ee found that 41% of all gun 
things like disorderly Of color: homicide victims in the 


conduct, narcotics, and 
loitering—to spit out 
predictions about city 
blocks likely to see upsurges in violent 
crime in the next few days or weeks. 


Bureau of Police 


THE CHICAGO POLICE DEPARTMENT (CPD), 
meanwhile, has taken predictive policing 
one step further—and made it personal. 
‘The department is using network analysis 
to generate a highly controversial Strate- 
gic Subject List of people deemed at risk 
of becoming either victims or perpetra- 
tors of violent crimes. Officers and com- 
munity members then pay visits to people 
on the list to inform them that they are 
considered high-risk. 

‘The Custom Notification program, as 
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Cameron McLay, Pittsburgh 


community of 82,000 
belonged to a network of 
people who had been ar- 
rested together, and who comprised a mere 
4% of the population—suggesting, with other 
studies, that much can be learned about crime 
by examining the company people keep, 
Papachristos says. 

Intrigued by these ideas, the Chicago po- 
lice teamed up with Miles Wernick, a medical 
imaging researcher at the Illinois Institute 
of Technology in Chicago, to develop the 
Custom Notification program. Because gang 
violence was distributed across the city, hot 
spot policing wasn't as effective in Chicago, 
says Commander Jonathan Lewin, head of 
technology for the department. “The geo- 
graphy of the map isn't as helpful as looking 
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People at risk 
Analgorithm identifies 
probable perpetrators 
‘or vetims of violence 


noe 
Home visits 
People are told they're 
considered at risk, oF social 
services are offered, 


at people and how risky a person is,” he says. 

‘The list has invited allegations that CPD 
is veering dangerously close to the flawed 
“precrime” unit in the sci-fi film Minority 
Report, which taps the premonitions of a 
trio of mutated humans to stop potential 
murderers before they act. And in bringing 
bad press, the program has contributed to 
the problems of the beleaguered CPD, which 
a mayoral task force described last April as 
having “systemic institutional failures going 
back decades that can no longer be ignored.” 

Papachristos—who is not involved with 
the Strategic Subject List himself—cautions 
that the program overemphasizes both 
an individual's potential to offend and the 
use of policing, rather than other services, 
to fight crime. That “reinforces the way in 
which America devalues the lives of young 
people of color,” he wrote in the Chicago Tri- 
bune on 1 August. 

What's more, the police data that this 
and other predictive policing programs rely 
on are skewed toward crimes committed 
by people of color, says William Isaac, an 
analyst with the Human Rights Data Analy- 
sis Group and a Ph.D. candidate at Michi- 
gan State University in East Lansing. That 
renders any predictions suspect, he says: 
“They're not predicting the future. What 
they're actually predicting is where the next 
recorded police observations are going to 
occur.” Predictions, indeed, can become self- 
fulfilling prophecies, says Jennifer Lynch of 
the Electronic Frontier Foundation in San 
Francisco, California, “We know from past 
examples that when police are expecting 
violence, they often respond with violence.” 

Brantingham, the architect of Pred- 
Pol, agrees that civil liberties concerns 
“are really important questions” But he 
says that predictive policing can be more 
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fair than the status quo: “What's often 
forgotten is that any time you put an of 
ficer in the field there's a risk of civil 
liberties violations” 

Other critics, meanwhile, raise a more 
fundamental question about predictive 
policing: Does it even work? 


IN A 2012 IBM SMARTER PLANET commer- 
a police officer glances at the screen 
of his squad car, then speeds to a conve- 
nience store. He arrives as a clerk is count- 
ing money, and moments before a would-be 
robber shows up. That's science fiction, says 
RAND’ Hollywood—and likely to stay that 
way. To predict specific crimes, he says, “we 
would need to improve the precision of our 
predictions by a factor of 1000." 

As to whether existing methods of pre- 
dictive policing work as advertised, by fore- 
casting the likelihood of crime, the evidence 
is scarce, and the few data points are not 
encouraging. For instance, an assessment 
of Chicago's Strategic Subject List program 
published by Hollywood and fellow RAND 
researchers last month found that individu- 
als singled out in the pilot phase were no 
more likely to become victims of homicides 
than a comparison group. They were, how- 
ever, more likely to be arrested for a shoot- 
ing—possibly because, the researchers write, 
“some officers may have used the list as leads 
to closing shooting cases.” (The program's 
“scores are not used for probable cause, and 
individuals cannot be arrested because of a 
high score,’ a spokesperson for CPD says.) 

Some scholars have tested models’ pre- 
dictive power against historical crime 
rates, with encouraging results. But evalu- 
ating a program once in use can be more 
complicated. A randomized, controlled 
study—a design borrowed from medicine— 
is the gold standard, but few departments 
are willing to designate a control area 
or group, where they won't try to pre- 
dict crime, “The average police chief lasts 
3 years,” MeLay says. “I don’t have time for 
controls.” Hollywood adds that with pro- 
grams like Chicago's, which single out indi- 
viduals, “no one wants to say, ‘I'm not going 
to perform interventions with the 10 people 
who are most at risk” 

‘The issue is complicated by the fact 
that algorithms like PredPol’s are propri- 
etary, making it difficult for outside schol- 
ars or the general public to evaluate their 
effectiveness. “For the sake of transparency 
and for policymakers, we need to have 
some insight into what's going on so that 
it can be validated by outside groups,” Isaac 
But Brantingham says researchers can 


evaluate the outcome without knowing all 
the underlying research. 
One notable randomized, controlled ex- 
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periment was conducted by the Shreveport, 
Louisiana, police department in 2012 with 
NIJ funding. The study found that the dif- 
ference in crime reduction between the 
control and experimental districts was sta- 
tistically insignificant. But the experiment, 
which focused on property crimes, also re- 
vealed the challenges of such studies. Take- 
up of predictive hot spot policing among 
the three experimental districts was high at 
first, but dropped off after 4 months as en- 
thusiasm waned, likely skewing the results. 
Commanders in one of the control districts, 
meanwhile, grew excited by the experimen- 


PERCHED AT A CONFERENCE TABLE over- 
looking the lighted —_Allegheny-West 
neighborhood, Chief McLay says he is 
keenly aware that rolling out CrimeScan will 
not solve all the Pittsburgh department's 
problems, “There are some cities where they 
have done a great job on hot spot policing, 
and they have terrible relationships with 
their communities of color,” he says. 

‘The key, some experts say, is not to rely 
only on statistical methods, but to com- 
bine them with other approaches. For ex- 
ample, Papachristos is now working with 
the Chicago Violence Reduction Strategy, 


Crime often clusters in hot spots like those on the map behind Pittsburgh, Pennsylvania, Police Chief Cameron, 


tal districts’ success at reducing crime and 
decided to pursue their own targeted opera- 
tions in known hot spots. 

‘The most extensive independent evalua- 
tion of predictive policing so far, the RAND 
report, is lukewarm about even the most 
sophisticated predictive methods, stat- 
ing that “increases in predictive power 
have tended to show diminishing returns. 
Hollywood adds that “the places where re- 
ally sophisticated data mining algorithms 
shine” are those where “there are very 
complex nonlinear relationships between 
input data and output data” (One exam- 
ple is optical character recognition, which 
is used for digitizing printed texts.) With 
crime, he adds, “It's much more simple—the 
more risk, the more crime, There aren't re- 
ally complicated relationships going on! 
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McLay. He hopes that algorithms capable of predicting future hot spots will help make police work less biased, 


a program that identifies individuals at 
risk of becoming either violent offenders 
or victims, then gets them access to social 
services and employment assistance. A 
few appear on the Strategic Subject List, 
says Chris Mallette, the program's execu- 
tive director, but most are selected through 
old-fashioned observation. 

MeLay seems to lean toward a similar 
approach, As CrimeScan launches, he also 
aims to build relationships with high-crime 
communities and ensure that big data are 
used to solve problems rather than simply 
focus police work. “Therein lies the key 
Who finds that sweet spot?” he says. “Who 
uses just enough data to be really good, and 
has the relationships that are just robust 
enough? That's the challenge that policing 
in this country is facing right now.” 
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THE BIGGEST 


EAR 


It will take one more burst of 
ingenuity to get China’s massive radio 
telescope to live up to its promise 


By Dennis Normile, in Dawodang, China 


na stunning landscape of jagged lime- 
stone hills in southwestern China, 
engineers are putting the finishing 
touches on a grand astronomy facil- 
ity: a half-kilometer-wide dish nes- 
tled in a natural depression that will 
gather radio signals from the cosmos. 
‘The world’s largest radio telescope 
will catalog pulsars; probe gravita- 
tional waves, dark matter, and fast radio 
bursts; and listen for transmissions from 
alien civilizations. 

Yet the architect of the tour de force is 
blasé about what his telescope might cap- 
ture. “I'm really not very interested in sci- 
ence, I'm sorry to say,” says Nan Rendong, 
chief scientist and chief engineer of the 
Five-hundred-meter Aperture Spherical 
radio Telescope (FAST) here, Colleagues in- 
sisthe is joking, but there is no question that 
what has consumed 2 decades of his life— 
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and is now wowing other astronomers—is 
engineering. "As a civil engineering feat, 
FAST is obviously amazing,” says Fred Lo, 
former director of the U.S. National Ra- 
dio Astronomy Observatory (NRAO) in 
Charlottesville, Virginia, 

It is not just FAST's sheer size—it has 
more than twice the collecting area of the 
runner-up, the 305-meter dish in Arecibo, 
Puerto Rico, FAST is also breaking new 
ground in radio astronomy with a design 
that pulls a section of the spherical dish 
into a gradually moving paraboloid to aim 
at and track cosmic objects as Earth rotates, 
bringing the benefits of a tilting, turning 
antenna to a fixed dish. This innovation “is 
absolutely unique, nobody has ever done 
this before,” says Dick Manchester, a radio 
astronomer at Australia's Commonwealth 
Scientific and Industrial Research Organ- 
isation (CSIRO) in Sydney. 
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There's another reason that Nan isn't 
worrying about science just yet, Although 
dignitaries celebrated FAST’s completion at 
a 25 September ceremony here in Guizhou 
province, the telescope isn't yet working 
as planned. Nan is focused on solving a 
recently uncovered technical glitch that's 
hindering the dish-shaping capability and 
limiting the early science. To get FAST to 
live up to its scientific promise, he says, “we 
have a lot to do” 

“There is no question, Nan is the main 
driving force for FAST, from beginning to 
end, Lo says, Nan’s engineering bent dates 
from his undergraduate days studying 
ultrahigh-frequency electronics at Tsinghua 
University in Beijing in the mid-1960s; dur- 
ing China's tumultuous Cultural Revolution 
he spent a decade working at an electron- 
ics factory. He then returned to academia, 
earning a Ph.D. in astronomy and astro- 
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physics from the University of Science and 
‘Technology of China in Hefei. 
“AST's long gestation began in the 1990s, 
when Nan served on China's delegation to 
the international working group that even- 
tually proposed the Square Kilometre Array 
(SKA) as a next-generation radio telescope. 
Astronomers were counting on advances 
in interferometry to combine radio waves 
from dozens or even hundreds of dishes, 
thereby creating a collecting area far big- 
ger than any existing telescope. In the early 
days of planning, China vied to host the 
SKA, proposing to build several large dishes 
in the limestone depressions that dimple its 
southwestern provinces. Chinese astrono- 
mers even did preliminary work on FAST as 
a prototype. 

Instead, the SKA's backers opted for a 
design featuring thousands of small dishes. 
China was dropped from the list of candi- 
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date sites in 2006; construction of the first 
phase of the SKA, in South Africa and Aus- 
tralia, is expected to begin in 2018, Swal- 
lowing their disappointment, Nan and his 
colleagues pushed China to build FAST any 
way (Science, 19 June 2009, p. 1508), 

Single dishes excel at observing point 
sources like neutron stars and at scanning 
a multitude of frequencies in the search for 
extraterrestrial intelligence, says astrono- 
mer Li Di, a FAST project scientist, who 
previously worked at NASA’ Jet Propulsion 
Laboratory in Pasadena, California, An- 
other advantage is that, compared with the 
multiple dishes in an array, single dishes 
are “relatively cheap and relatively straight- 
forward to upgrade,’ says George Hobbs, an 
astronomer at CSIRO. “You just keep build- 
ing better receivers” 

After an international review panel en- 
dorsed FAST, China's National Development 


Published by AAAS 


‘Arcothierworidly karst landscape 
thade getting materials and 
‘equipment to the site fiendishly 
difficult: Far leftva worker ofthe 
plant triss encifcling’the dish, 


and Reform Commission in 2007 provided 
$90 million to launch the project; additional 
support from several agencies topped up the 
funding to $180 million. Nan had led much of 
the preliminary work on FAST, and in 2008 
he was anointed chief scientist and chief en- 
gincer. “Traditionally, that's two jobs,” Li says, 
but Nan’s practical experience and scientific 
training, he says, allowed him to speak to 
funding agencies “with both his engineering 
and science hats on.” 

Nan already knew where to build the 
dish—and he knew it wouldn't be easy. In 
the 1990s, satellite surveys had identified 
400 candidate depressions in China's south- 
west provinces. That number was win- 
nowed down until Nan personally inspected 
a few of them, He recalls hiking into the Da- 
wodang depression and looking up to see a 
nearly circular view of the sky that “was like 
being at the bottom of a well.” 
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Radio astronomy writ large is 
The world's largest radio telescope, China's 
new Five-hundred-meter Aperture Spherical 


radio Telescope (FAST), wll gather radio 
signals from the cosmos to catalog pulsars) 
probe gravitational waves, dark matter, and 
fast radio bursts; and listen for transmissions 
from alien civilizations. 
‘A“bowl within a wok” Bigger is better Snug fit 
FAST's signature innovation i a system that pulls section FASThas more than twice the collecting FAST planners studied some 400 karst 
of the dish as much as 300 meters across into a parabola to area of the world’s second largest radio depressions in southwestern China before 
‘cus cosmic radio waves on receivers. Provided a itch is telescope, the Arecibo Observatory in deciding Dawodang was ust right for 
resolved, the parabola's position can be shifted in real time to Puerto Rico, enabling it to study fainter cradling the telescope’s massive dish. 
keep it trained on an astronomical object as Earth rotates, and more distant objects 
Central sensor array 
with cable suspension 
Support 
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Tuning the radio dial 
To deform the rellector and create the bowd-within-a-wok 
effect, 2225 actuators, essentially high-tech winches, are 
anchored into tack beneath the dish’ 4450 triangular 

reflector panels.A300-meter-diameter deformed section 
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spherical shape when the actuators relax the tension. 
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“The site is the best for FAST, [but is] 
the worst for construction,” Nan says. It 
is hours from the nearest highway, down 
bonejarring, narrow roads that wind 
through towering pinnacles and tiny vil- 
lages. The FAST team built a 7-kilometer 
road linking the depression to the near- 
est town. The difficult access curtailed use 
of heavy equipment. “Almost everything 
had to be done manually.” Nan says. “Very 
devoted laborers; he says, shouldered 
100-kilogram loads in temperatures topping 
40°C. By comparison, he says, “Building 
a bridge in Beijing or Shanghai is a piece 
of cake.” 

‘The team modeled FAST after the Are- 
cibo telescope. Both are built in karst de- 
pressions and supported on steel cable 
meshes slung like hammocks from supports 
fixed to the limestone pinnacles, And like 
the Arecibo Observatory, FAST takes an 
unusual approach to focusing incoming 
radio waves. 

Radio telescope dishes are typi- 
cally parabolic because that shape 
focuses waves from astronomical 
objects in line with the parabola’s 
axis to a point above the dish. 
The telescope’s receivers—or a 
subreflector—are positioned at 
that point. But a parabolic tele- 
scope must be steerable and able 
to point at astronomical objects 
and track them as Earth rotates, 
because parabolic reflectors dis- 
tort waves from off-axis targets. 

It's impossible to steer Arecibo 
and FAST because their enor- 
mous dishes are anchored to the 
ground, So both have a spherical 
shape, allowing them to collect 
and concentrate waves from off- 
axis sources without focusing on 
a point, Arecibo aims at cosmic 
objects by shifting the position 
of the receiver platform to catch 
the reflected waves. Within the platform, 
a complex mirror system brings them into 
focus. But that limits the slice of observable 
sky to about 20° from zenith; farther from 
the zenith, the distortion is too great. The 
correction system also results in a platform 
weighing about 900 tons. “That mirror sys- 
tem and the whole platform are very big for 
Arecibo, and it would have been huge for 
FAST—and heavy,” Manchester says. 

Instead, Nan and his team designed a sys- 
tem that pulls a roughly 300-meter-diameter 
section of FAST's spherical reflector into a 
subtle parabola, while positioning receivers 
along the parabola’s axis (see graphic, oppo- 
site page). “It's like forming a smaller bowl 
within a big wok,” Li says. The position of 
the parabola can be shifted in real time, so 
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that the parabolic axis always aims at a cos- 
mic object of interest as Earth rotates, just 
as a steerable radio telescope does. FAST 
can observe up to 40° from zenith. And be- 
cause it does not need a complex corrective 
mechanism, its receiver platform can host 
more instruments than Arecibo's, 

Making an active surface reflector “was 
a bold move; Manchester says. To deform 
the reflector, FAST has 2225 actuators, es- 
sentially high-tech winches, anchored into 
rock beneath the dish. The actuators tug the 
dish into a parabola by pulling on tie-down 
cables connected to the dish’s supporting 
mesh. The mesh's natural springiness re- 
stores the dish’s spherical shape when the 
actuators relax the tension. Lasers mounted 
on small posts protruding through the dish 
check the coordinates of 1000 points on its 
surface, allowing fine-tuning of the shape. 

‘To make this system work, the engineers 
solved a host of challenges. For starters, the 


Anastronomer with an engineering bent, Nan Rendong led much ofthe early 
work on the radio telescope and is its chief scientist and chief engineer. 


actuators emit radio interference that is 
“many times stronger than the signal from 
the sky;” Nan says, There was no suitable 
commercially available shielding, so they 
developed their own. 

Another problem was caught during the 
final design review before construction, 
when engineers belatedly realized that re- 
peatedly stressing and relaxing ordinary 
steel cables could lead to fatigue failure, 
the phenomenon familiar to anyone who 
has bent a paper clip back and forth until 
it snaps. The FAST team solved this prob- 
lem by turning to a Chinese-developed 
cable that's fatigue-resistant for up to 
2 million stress cycles, far more than the 
300,000 cycles the FAST cables will endure 
over the telescopes 30-year design life, 
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IN JANUARY, with most of the dish’s 4450 tri- 
angular reflector panels in place but none of 
its receivers available, Nan had his crew rig 
up something resembling a spindly fishbone 
‘TV antenna and suspend it over the dish. 
As radio receivers go it was primitive, but 
FAST's enormous collecting area enabled it 
to pick up signals from the Crab Pulsar, a ra- 
dio source at the heart of the Crab Nebula. “It 
was amazing that they could do this with a 
simple antenna’ CSIRO's Hobbs says. 

For Nan, the test was FAST's first light, 
the initial scientific observation that marks 
the start of a telescope’s working life. In 
focusing on the Crab Nebula, Nan turned 
one of China's earliest astronomical obser- 
vations into one of its latest: A millennium 
ago, Song dynasty observers noted a transi- 
tory “guest star. later pegged as the super- 
nova that created the nebula, 

But as the dish’s construction entered 
the home stretch, another glitch cropped 
up. “The actuators are breaking 
down at a higher rate than an- 
ticipated” Li says. The team is 
investigating the cause and pos- 
sible fixes. 

Getting big telescopes work- 
ing at full potential is always a 
challenge, says John Ford, for- 
merly in charge of electronics 
at NRAO’s Green Bank observa- 
tory in West Virginia. On Green 
Bank's 100-meter steerable dish, 
actuators used to counter gravita- 
tional effects were “failing on us 
way more than we thought they 
would,” he says, because water was 
leaking in and freezing. Water- 
proofing the actuators was a head- 
ache because they are 100 meters 
in the air, FAST engineers should 
have an easier time because their 
actuators are accessible from the 
ground, Ford says. 

For now, Li says FAST operators 
will use their working actuators to hold part 
of the reflector in a parabola, point it at the 
sky, and simply catch whatever signals they 
can as Earth rotates. It will take 200 days of 
such drift scan observations to survey the 
full northern sky, and he expects they will 
discover as many as 1000 pulsars, adding 
to the roughly 2500 now known. Astrono- 
mers use these radio beacons, powered by 
spinning neutron stars, to study the inter- 
stellar medium and detect gravitational 
waves. “We will conduct the world’s best 
survey for pulsars,” Li says. 

“Eventually we will get the telescope 
working perfectly,” vows Zhu Ming, a FAST 
project astronomer, Manchester agrees: 
“They're very close to achieving an abso- 
lutely remarkable feat.” m= 
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Detecting structure in a protostellar disk 


Spiral structure may provide clues about the 


Ken Rice 


t is now well accepted that stars form 
from clouds of gas and dust that col- 
lapse under their own gravity (1). How 

ver, if all the material fell directly onto 
the young protostar, it would spin 1 
much that it would ultimately tear it: 
apart, Instead, most of the material will ini 
tially form a thin, rotationally supported, 
protostellar disk. On page 1519 of this issue, 
et al, (2) present a high-resolution 


e of such a disk, using the Atacama 
Millimeter/submillimeter Array (ALMA). It 
is this disk that provides mechanism 
transporting angular momentum out 
allowing mass to accrete onto the 
protostar—and is the site of planet for 
tion (see the illustration). 

How angular momentum is transported 
outward, allowing mass to flow in, is still 
not quite clear, However, we would expect 


relative to that of the central protostar. If 
disk becomes susceptible to the grov 
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ly stages of star and planet formati 


of spiral density waves, much like those ob- 
served in many disk galaxies (see the figure). 
‘To date, there have been a number of ex- 
amples of protostellar systems that show 
evidence of spiral density waves in their cir- 
cumstellar dis! However, in almost all 
cases the properties of the disk, such 
mass and accretion rate, suggest that th 
are not 


gravitating phas 
en the protoste 
is still massive, the 


ifit occurs, hap- 
system is 
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Artist's impression of a disk of gas, 
and dust surrounding a central protostar 


still probably embedded within its nascent 
gas cloud. Consequently, directly observing 
these self-gravitating structures is very diffi- 
cult (7), However, with the advent of ALMA, 
direct observation has become much easier 
because ALMA not only has improved resolu- 
tion and sensitivity but also observes at the 
wavelengths at which we might expect such 
structures to be detectable. 

Itis this direct observation capability that 
makes the result presented by Pérez et al. so 
intriguing. The high-resolution image sug- 
gests the presence of spiral density waves 
very young protostellar system, Elias 
The disk may have a mass close to one- 
quarter that of the central star, and the mass 
accretion rate is close to 10 
per year, which places it in the region of pa- 
rameter space where we might expect the 
disk to be susceptible to the gravitational in- 
stability. Therefore, this direct observation 
of self-gravitating spiral waves may be the 
first in a disk around a young protostar. 


solar masses 


SCIENCE seiencemag.org 


On the other hand, the two-armed spirals 
seen in the disk of Elias 2-27 are only ex- 
pected in disks with masses close to half that 
of the central star (8), and the disk radius is 
such that it only becomes marginally gravi- 
tationally unstable if the opacity is reduced 
relative to what might be expected. So, even 
though this is very suggestive, it is not yet 
conclusive that the spirals are indeed driven 
by the gravitational instability, 

However, even if the spiral density waves 
in Elias 2-27 are not being driven by disk 
self-gravity, this result is still indicating that 
we are starting to be able to probe structures 
in disks around very young stars. This ability 
is clearly important because this 
phase is when most of the mass 
is accreted onto the central pro- 
tostar, and such observations 
will help us to understand the 
processes involved in driving 
mass accretion. 

It is also possible that this 
phase of protostellar disk evolu- 
tion will play a key role in the 
growth of planet-building ma- 
terial. It is still unclear how mi- 
crometer-sized dust grains grow 
to form kilometer-sized plan- 
etesimals that then coagulate to 
form either the cores of gas- or 
ice-giant planets or smaller rocky 
planets. One possible mecha- 
nism is that grains become con- 
centrated in these spiral density 
waves, and this then acts to pro- 
mote their growth (9). In fact, 
the enhancement of dust grains 
in these spiral density waves can 
appreciably influence our likeli- 
hood of observing these struc- 
tures (10, 12), and observations such as those 
presented by Pérez et al. will allow us to study 
whether these structures are indeed promot- 
ing grain growth 

‘There is also still some uncertainty about 
the overall planet-formation process. It is 
generally accepted that the dominant process 
is the growth of solid cores that (if they be- 
come sufficiently massive) may then collect a 
gaseous envelope to become a Jupiter-like gas 
giant (12, 13), However, we now have direct 
images of some exoplanets (74) that tend to 
be young, massive, and on very wide orbits. 
‘These exoplanets provide a challenge to this 
standard mechanism, and it is possible that 
they form via gravitational collapse when 
the system is very young and the disk is self- 
gravitating, Therefore, observations such as 
those presented by Pérez et al. may allow us 
to investigate this possibility in more detail 

It has even been suggested that big gas- 
giant planets that may form via direct gravi- 
tational collapse in the outer parts of young 


Published by AAAS 


‘snapshot froma numeral simulation ofa massive dik around 
young protostar showing the presence of pal density waves being 
driven by the gravitational instability. 


protostellar disks may spiral inward and lose 
mass via tidal interactions with their host 
star (15), potentially becoming rocky, terr 
trial planets. Having the ability to directly 
observe disks around very young protostars 
may therefore provide constraints on this 
mechanism and whether or not it can actu- 
ally operate. 

Not only is the result presented by Pérez 
et al. possibly the first direct evidence for 
self-gravitating spiral density waves in a pro- 
tostellar disk, it is also a very welcome step 
toward being able to probe the earliest stages 
of star formation. It is likely that this stage 
will be important for both the formation of 


50000 


the star itself and the subsequent formation 
of a planetary system. These observations 
will therefore play a crucial role in improv- 
ing our understanding of both star and 
planet formation. 
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A latitudinal gradient for genetic diversity 


Within-species diversity of amphibians and terrestrial mammals is highest in the tropics 


By Henrique M. Pereira’#* 


he tropics have by far the highest 
species diversity on Earth. Over two- 
thirds of terrestrial vertebrates occur 
in tropical moist forests (1). The spe- 
cies diversity is also highest in the 
tropies for several other taxa, such 
as vascular plants and arthropods, and in 
other realms, including freshwater and 
marine ecosystems. These latitudinal gra- 
dients were described decades ago (2), but 
recent work has yielded detailed knowledge 
of species-richness patterns. For example, 
Hurlbert and Jetz suggest that global maps 
of terrestrial vertebrate species richness 
are now accurate at resolutions 
of 100 to 200 km (3). Yet, little is 
known about the global patterns 
of genetic diversity. On page 1532 
of this issue, Miraldo et al. help to 
fill this gap by presenting a global 
map of intraspecific (within-spe- 
cies) genetic diversity of amphib- 
ians and terrestrial mammals (4). 
‘Many journals have required for 
years that authors submit sequence 
data to public databases, Miraldo et 
al, tapped into this resource to ob- 
tain more than 318,000 mitochon- 
drial DNA sequences. However, not 
all these sequences could be used 
for a spatial analysis, Only 13% 
were georeferenced with explicit 
spatial coordinates. Another 30% 
had locality names, For the latter, 
‘Miraldo et al, assigned spatial coor- 
dinates to the locality names. Next, 
they grouped all usable sequences 
of a given species into ~400-km 
grid cells, ecosystems with different 
levels of human influence, and 10° 
latitudinal bands. They estimated 
intraspecific genetic diversity as 
the average number of variable 
nucleotide sites in the cytochrome 
B gene in pairwise sequence com- 
parisons. Finally, they averaged 
the intraspecific genetic diversities 
across species. 
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‘The results suggest that for the two taxa 
analyzed, levels of intraspecific diversity 
are high in the tropics. However, whereas 
species richness declines almost mono- 
tonically away from the equator (1), genetic 
diversity seems to plateau around the equa- 
tor (see the figure). This difference was not 
analyzed by Miraldo et al. and therefore 
will require further confirmation. 

A possible limitation of the current 
analysis is the spatial heterogeneity in the 
data; in many tropical areas, the propor- 
tion of species sampled or the number of 
sequences are low. Furthermore, the au- 
thors gridded available point sequence data 
to estimate genetic diversity, in contrast to 


Latitudinal gradients of biodiversity 
Miraldo et al. show that latitudinal gradients are similar for within-species 
diversity and for species richness. Multiplying the two components to 

obtain the total biodiversity curve produces a more pronounced gradient. 


Species diversity 
Species diversity is highest in the tropies and declines with increasing latitude, 
reaching very low levels atthe poles. 


DB 


N.Pole 


Within-species diversity 
The genetic diversity within species is also highest in the tropics but plateaus 
around the equator before faling off sharply with latitude 


Total genetic diversity 
The tatal genetic biodiversity is calculated by multiplying the species diversity 
and the within-species diversity It peaks sharply in the tropics. 
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some species richness maps, where indi: 
vidual species ranges are stacked to esti- 
mate species richness, In the former case, 
sampling effort can vary dramatically in 
neighboring spatial units, Addressing this 
problem will require harmonized efforts to 
sample genetic diversity in gap regions. 

‘There is still a vibrant debate over what 
drives the latitudinal pattern in species 
richness (5, 6). Several explanations have 
been proposed for the higher diversity of 
the tropics. For example, higher climatic 
stability in the tropics may lead to lower 
extinction rates; higher evolutionary speed 
may result in higher speciation rates; and a 
larger surface area of tropical biomes over 

geological time may have led to a 
higher number of individuals on 
average and thus higher specia- 
tion and lower extinction rates. 
According to another hypothesis, 
greater energy availability in the 
tropics leads to larger popula- 
tions, Biotic interactions can 
further cause positive feedbacks 
and reinforce the gradient. These 
mechanisms are not mutually ex- 
clusive and may all interact over 
time. 

‘The high intraspecific genetic 
diversity in the tropics found by 
Miraldo et al. and other recent 
studies (7, 8) supports the evolu- 
tionary speed hypothesis, which 
is based on the idea that higher 
temperatures in the tropics lead 
to higher mutation rates. However, 
high numbers of mutations may 
also accumulate in large or stable 
population sizes over time (5). The 
influence of other drivers on the 
latitudinal gradient cannot, there- 
fore, be excluded. Furthermore, 
intraspecific and interspecies diver- 
sity may interact in complex ways. 
For example, high species richness 
can increase intraspecific diversity 
as a result of increased competition 
for similar resources (9). 

‘The total biodiversity at the ge- 
netic level of a region can be ob- 
tained by multiplying the number 
of species with the intraspecific 
diversity (see the figure). The re- 
sulting latitudinal gradient for 
total biodiversity is much more 
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pronounced than for any of its components 
in isolation. The idea of total biodiversity as 
a multiplication of two components is also 
important for understanding the impacts 
of humans on biodiversity. A reduction of 
local species richness has been reported 
in several human-dominated habitats, al- 
though responses may differ across taxa 
(10, 11). Miraldo et al. found similar im- 
pacts at the intraspecific level, with am- 
phibians showing lower genetic diversity 
in human-dominated ecosystems than in 
more natural ecosystems, although the 
response for mammals was not as clear. 
Therefore, reductions in species richness 
and genetic diversity caused by human ac- 
tivities have a negative synergistic effect on 
total biodiversity. 

‘The study by Miraldo et al. has important 
implications for conservation. Protected 
areas have arguably been one of the most 
important tools for conserving the world’s 
biodiversity. It remains unclear whether 
areas prioritized for conservation based 
on species diversity or even phylogenetic 
diversity (12) also capture intraspecific 
diversity. But perhaps the key question is 
how intraspecific diversity is changing over 
time in response to human drivers. This is 
an important societal question because Tar- 
get 13 of the Convention on Biological Di- 
versity for 2020 aims for the maintenance 
of genetic diversity. Moving from a single 
snapshot of the global distribution of ge- 
netic diversity to a dynamic map over time 
would allow major progress in answering 
this question, Such temporal studies will 
require advanced analyses, such as that 
by Miraldo et al, but also improved geo- 
graphical annotation of sequence data (13) 
and an increased effort to monitor global 
genetic diversity. = 
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Liu et a use electrical resistivity data asa first-order proxy for the viscosity of the lithosphere beneath the 
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Colorado Plateau. A two-dimensional model based on these results matches GPS and topography data, 


Constraining lithospheric flow 


Geophysical data help to determine the viscosity of Earth’s 


crust and upper mantle 


By Boris J. P. Kaus 


he motion of Earth's tectonic plates— 
the lithosphere—is driven by the sub- 
duction of relatively cold and dense 
oceanic plates into the mantle, The 
resulting forces drive the motions 
of continental plates, but the man- 
ner in which this happens depends on the 
effective viscosities of the lithosphere and 
mantle, On page 1515 of this issue, Liu and 
Hasterok (7) discuss a novel method of con- 
straining viscosities of the lithosphere from 
geophysical data. 

Laboratory experiments on rock samples 
deformed under high pressures and tem- 
peratures show that viscosity is sensitive to 
many parameters, including temperature, 
stress, fluid content, and composition (2). 
Such experiments are necessarily performed 
at deformation rates much faster than actual 
geological processes. To apply the laboratory- 
derived viscosity laws to nature, they must be 
extrapolated over 10 orders of magnitude, in- 
troducing uncertainty. Moreover, it is unclear 
to what extent experiments on centimeter- 
scale samples are representative of the crust 
and lithosphere (3). As a result, the viscosity 
distribution of the lithosphere is one of the 
least certain parameters in geodynamics. 

Alternative ways to determine viscosity 
on geological time scales are thus needed. A 
number of geophysical methods have been 
proposed, including postglacial rebound (4), 
geoid modeling (6), fitting global mantle- 
flow models to observed plate velocities (6), 
and postseismic relaxation studies (7). How- 
ever, most of these techniques are sensitive 
to the larger-scale viscosity structure of the 
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mantle and not all that much to the viscosity 
structure of the lithosphere. In some areas, 
‘well-understood geological structures occur, 
such as in Hawaii, where the load of the vol- 
cano bends the Pacific plate, or in the Zagros 
Mountains, where the crust is folded in a 
regular manner, In those cases, comparison 
of computer model results with observations 
can help to determine the material proper- 
ties of the crust and lithosphere in a more 
direct manner (8, 9). But these methods rely 
on having a good physical understanding of 
the underlying processes that formed these 
structures, which is only rarely the case. 

Liu and Hasterok now propose a method 
that combines the results of magnetotelluric 
(MT) inversions with geodynamic models. 
MT inversions map out the lithosphere’s elec- 
trical resistivity, which is sensitive to both 
fluid content and temperature. Making use of 
the fact that electrical resistivity and viscosity 
have a similar sensitivity to temperature, the 
authors propose a simple conversion factor 
to translate variations in electrical resistiv- 
ity into variations in viscosity. Modeling of 
the Colorado Plateau (see the figure) shows 
that models with MT-derived lateral viscosity 
variations produce a much better fit to the 
GPS observations and topographies than do 
models without such variations, 

‘This promising result suggests that MT. 
inversion results give a first-order image of 
the variation of effective viscosities in the 
lithosphere, even though the magnitude of 
these variations needs to be calibrated with 
geodynamic flow models. Liu and Hasterok 
show that the use of nonlinear and brittle 
viscous-creep laws does not alter their basic 
conclusions. It remains unclear why electri 
cal resistivity correlates so well with viscosity, 
but this relationship suggests that mechani- 
cally weaker zones in the lithosphere, which 
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have smaller effective viscosities, are pre- 
ferred fluid pathways. 

However, the results have only been ob- 
tained with two-dimensional models in a sin- 
gle location. It is unclear how uncertainties 
in the MT inversion affect the results. Other 
data such as gravity anomalies, stresses, and 
seismicity have not been taken into account. 
‘Moreover, the models have been fitted to the 
data by manually adjusting the input param- 
eters, Thus, it remains to be seen whether the 
viscosity structure derived in this manner is 
uniquely constrained and to what extent the 
models satisfy other geophysical data. 

Recently, geodynamic inversion ap- 
proaches have been proposed that change 
input parameters automatically to mini- 
mize the misfit between models and ob- 
servations (10, 11). These approaches give 
uncertainty bounds on the rheological 
parameters of the lithosphere, In a recent 
study, Baumann and I have applied such a 
method to the India-Asia collision zone, us- 
ing gravity anomalies, GPS velocities, and 
topography as data (17). The results show 
that the rheological creep law parameters 
obtained in this manner are consistent 
with, but often better constrained than, 
laboratory-based values. Yet there is often 
not a single unique model that fits the ob- 
servations; instead, several sets of models 
fit the data nearly equally well, each with 
its own particular lithospheric viscosity 
structure (12). Incorporating more data in 
such inversions is likely to reduce the am- 
biguities of the inversion. The study of Liu 


and Hasterok suggests that MT data are a 
promising candidate. 

Many questions remain about how tec- 
tonic processes work on geological time 
scales. Recent results, including those re- 
ported by Liu and Hasterok, show that much 
can be learned by comparing physically con- 
sistent models of lithospheric deformation 
with geophysical data sets. Coupling two- and 
three-dimensional models of the lithosphere 
with available geophysical data will help to 


ent-day lithosphere. This will bring us a bit 
closer to understanding how the lithosphere 
deforms on geological time scales. m 
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ithosphere dynamics 


Inthis block diagram, the topography of the Colorado Plateau has been exaggerated by a factor of 10. Liu and 
Hasterok combine electrical resistivity, topography, and GPS velocities with geodynamic models to constrain 
flow velocities and lithospheric viscosity variations beneath the plateau. 
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SOCIAL NEUROSCIENCE 


Social memory 


goes viral 


A precisely mapped brain 
network discriminates 
and remembers friends 
and strangers 


By Kapil Saxena’? and 
Richard G. M. Morris 


+t is a curious feature of studies of rec- 
ognition memory that the experimental 
subjects are almost always tested alone. 
‘They may be asked to scan a set of land- 
scape pictures and later recognize hav- 
ing seen them before or to study a set 
of words or faces. For a social species such 
as ourselves—and mammals in general— 
being tested alone is a curious state of af- 
fairs, Social memory, social comparisons, 
and reciprocity have been a major driving 
force in brain evolution (7), and the effect 
of social interactions on memory deserves 
more attention. This experimental lacuna 
is now being put right, not only in social 
and evolutionary psychology and in work 
on ‘joint attention” by infants and their 
mothers, but also in animal studies that 
seek to identify the areas of the brain and 
the mechanisms mediating recognition 
of a familiar conspecific. On page 1536 of 
this issue, Okuyama et al. supplement be- 
havioral analysis with an arsenal of modern 
viral vector-based, optogenetic, and imag- 
ing techniques to examine social memory 
(2). They identify the ventral hippocampus 
in the brain as critical for storing a social 
memory, or engram, with connectivity to 
the nucleus accumbens as key to the expres- 
sion of such a memory (see the figure). 

In this project, the RIKEN team waded 
intoa long-standing controversy fueled by ex- 
periments using older techniques (e.., brain 
lesions) about whether and how the hippo- 
campal formation is involved in recognition 
memory. One prominent view is that the hip- 
pocampus is always involved in this type of 
memory (3); another is that it only becomes 
involved in recognition memory when the 
particular associations or relationships of a 
stimulus must be processed to achieve later 
recall (4, 5), In this latter view, the ostensibly 


‘Centre or Bran Development and Repar,INSTEM, Bangalore 
560065, cia. Patrick Wide Centre and Centre far Cognitive 
and Neural Systems, University of Edinburgh Edinburgh, EM. 
92, UK. Email g,m.morristed ac.uk 


selencemag.org SCIENCE 


ncemag.org/ on October 7, 2016 


Iscience.s 


Downloaded from http: 


simpler identification of stimulus familiarity 
may be successfully realized in another part 
of the brain—the neocortex—at earlier stages 
of perceptual processing. Is social memory 
any different? Judging that someone is “fa- 
miliar” is much simpler than full recall of the 
time or context of any preceding encounter. 
A further issue is whether all of the hippo- 
‘campus, or just parts of it, might be involved 
in recognition memory (6, 7). 

Okuyama et al, used two behavioral tech- 
niques to look at social memory in mice. 
One involved social discrimination, the 
other a resident-intruder test, and both 
tested whether a second mouse involved in 
the test was familiar or novel. Arguably, the 
resident-intruder test involves a context as- 
sociation. Using ingenious viral-based tech- 
niques, which allowed selective inhibition of 
neurons in specific subregions of the hippo- 
campus or their axonal terminals in brain re- 
gions to which they project, the RIKEN team 
enabled the neural activity of specific cells 
to be selectively silenced (e.g., through viral- 
mediated expression of light-sensitive ar- 
chaerhodopsin). Turning neurons off is 
clearly a step forward from permanently 
damaging them with a lesion. Itenables more 
exacting analyses of the specific neurons in- 
volved, even if physically intermingled with 
others. Repeated “on-off” testing also allows 
the use of a smaller number of animals for 
a larger number of observations, ‘The clear 
result was that shutting down the ventral but 
not the dorsal hippocampus impaired both 
tests of social recognition memory. 

Anatomical projection studies revealed 
connectivity from the ventral hippocam- 
pus to other brain regions—the basolateral 
amygdala, olfactory bulb, and nucleus ac- 
‘cumbens—but it turned out that only shut- 
ting down afferents within the nucleus 
accumbens was essential for social memory. 
‘The development of an engineered line of 
mice, called Trpc4 mice, also enabled a par- 
ticular layer of pyramidal cells within the 
ventral hippocampus to be assayed, as well 
as the shell region of the nucleus accumbens 
to which it projects. Optogenetic excita- 
tion of this pathway had the specific effect 
of making the test mouse perceive a novel 
‘mouse as if it were familiar. Careful timing of 
excitation and inhibition during interactions 
between two mice enabled activation of the 
hippocampal nucleus accumbens pathway to 
be identified as a signature of familiarity. 

‘Tests of necessity such as these are not 
the same as seeing the neurons involved in 
a memory change their activity in response 
to familiarity or novelty. A further array of 
viral-based techniques was deployed to do 
this, including the use of a genetic marker 
of calcium signaling (the calcium sensor 
protein GCaMP6) coupled to the use of min- 
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iature endoscopes mounted on the heads of 
the test animals. An increase in the number 
of active cells was observed in the ventral but 
not the dorsal hippocampus as one mouse 
became familiar with another. Endoscopic 
imaging was supplemented by a further 
viral-based trick that enabled the labeling 
and manipulation of memory engram cells, 
by means of a fluorescent marker whose 
color changed over time as it was expressed. 
In this way, the proportion of coactivated 
cells was measured when a mouse was ex- 
posed to a familiar or unfamiliar “stranger” 
mouse. Coactivation increased with addi- 
tional familiarization. Last, using a c-fos la- 
beling technique to help identify the neurons 


get a friend, a fellow burrow-mate, or even 
the mouse that yesterday stole its morsel of 
cheese, The use of these new techniques may 
yet unlock the puzzle of what makes social 
memories fade or last. 

Innovation is everywhere in neuroscience 
just now. Mainly, we hear about new tech- 
nologies, often inspired by genetics; these 
certainly are game changers. But conceptual 
changes are important as well, especially in 
relation to the development of animal models 
that allow interventional and translational 
studies. The long-standing assumption about 
any difference between a human and an ani- 
mal study is that it is due to differences be- 
tween the two species. However, this assumes 


Remembering friends and strangers 

‘Adiagram of the mouse brain shows how the ventral hippocampus mediates social memory. Cells in the ventral 
hippocampus (red), but not the dorsal hippocampus, project to several brain areas. Only the circuit to the shell 
region of the nucleus accumbens is found to influence social memory. 
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activated by social memory, the team exam- 
ined whether a social memory was truly 
forgotten over time or had just become qui- 
escent. Strikingly, selective optogenetic acti- 
vation of the engram cells at a time when the 
mice behaved as if they had forgotten which 
animals were familiar and which were novel 
revealed a reawakening of the memory. A bit 
like working on that vague sense of familiar- 
ity we have of someone we may have met 
long ago, reactivation of the network ensem- 
ble brought memory back to mind for the 
mouse, just as a retrieval cue may do for us. 
‘This analysis of social memory through 
inhibition, excitation, connectional analyses, 
and direct brain-cell monitoring is remark- 
able. Still, a puzzling feature of the work is 
that the social memories of the mice were ap- 
parently quite short-lasting—generally pres- 
ent for a few hours but gone within a day or 
two. However, rodent societies are complex 
(8), and social memories clearly must last. It 
is hard to imagine that a mouse would for- 
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{HPC Dorsal hippocampus 
VCAI Ventral CAI neurons 

VPC Ventral hippocampus 
BLA Basolateral amygdala 
CeA Central amygdala 


that we are testing things in the same way. 
With the development of new analytically 
powerful approaches to social behavior, the 
style of behavioral neuroscience with animal 
models is changing rapidly. These new ap- 
proaches could prove enormously valuable 
in finding treatments for autism spectrum 
disorder for which we still have little under- 
standing of its associated abnormalities of 
social interaction. Social memory, not just 
social media, has gone viral. 


REFERENCES 
1. R.MAWhitakeret.al, Soi Rep, 6 31469 (2016). 
2. T.Okuyamaet al, Science 353, 1536 (2016) 
3. LR Squire, Psych. Rex 99,195 (1992). 
4. LLP-Aggleton, MW Brown, Behay.BrainSci 22.425 
(4299) 
5, H.Eichenbaum. A. P.Yonelinas,. Ranganath Annu Rev. 
Neurasc. 30,123 (2007), 
EL Hit S.A Siegelbaum, Nature $08, 88 (2014) 
.A.Caruana.G.M. Alexander, S.M. Dudek, Lean. Mem. 
19,391 2012), 
8 RLore.K Flannelly Sei Am. 236,106(1977) 


10,1126 /science.aai7728 


40 SEPTEMBER 2016 + VOL 858 ISSUE 6307 1497 


‘ncemag.org/ on October 7, 2016 


Iscience, 


Downloaded from http: 


INSIGHTS | PERSPECTIVES 


NEURODEGENERATIVE DISEASE. 


Immune receptor for pathogenic a-synuclein 


An immune protein facilitates neuronal uptake of a Parkinson's disease-associated protein 


By Mathias Sucker and 
‘Mathias Heikenwalder* 


n neurodegenerative diseases such as 
Parkinson's disease and Alzheimer's 
disease, specific proteins misfold into 
B sheet-rich conformations that aggre- 
gate. For Parkinson's disease and Lewy 
body dementia, the hallmark pathol- 

ogy is neuronal inclusions of aggregated 

a-synuclein called Lewy bodies and Lewy 
neurites. The spreading of these lesions in 
the brain is at least partly the result of prion- 
like self-propagation and cell-to-cell trans- 
fer of pathogenic «-synuclein assemblies 

(D. Inoculation of brain extracts containing 

aggregated a-synuclein and also synthetic 

«-synuclein fibrils into mice and nonhuman 

primates induces aggregation at the injec- 

tion site, followed by the formation of lesions 
in neuronally connected brain regions, and 
ultimately neurodegeneration (2, 3). The ap- 
pearance of a-synuclein lesions in fetal brain 
grafts in Parkinson's disease suggests that 
cell-to-cell spreading of lesions also occurs in 
humans. There is also in vitro evidence for 
cell-to-cell transfer of a-synuclein assemblies 

(2). However, the mechanism of intercellular 

transmission of a-synuclein aggregates—as 

well as of other pathogenic protein assem- 
blies, such as those consisting of AB and tau 
in Alzheimer's disease—is poorly understood 

(D. On page 1513 of this issue, Mao et al. (4) 

report that the cell-surface lymphocyte acti- 

vation gene 3 protein (LAG3/CD233) is a neu- 
ronal receptor mediating the endocytosis of 
aggregated a-synuclein, enabling the spread 

and toxicity of «-synuclein assemblies. 

‘Mao et al. screened a library of trans- 
membrane proteins for potential binding 
to recombinant a-synuclein fibrils, but not 
monomeric a-synuclein. The binding pro- 
teins identified included amyloid precur- 
sor-like protein 1 (APLP1) and neurexins, but 
the strongest binding partner for a-synuclein 
fibrils was LAGS. The screening approach 
‘was virtually identical to a previous endeavor 
that identified the cellular prion protein as 
a receptor for oligomeric assemblies of AB 
(8). Interestingly, APLPI was also found in 
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the oligomeric AB screen and thus may be 
a general binding protein for amyloid strue- 
tures. By contrast, LAGS binding appeared to 
be specific for aggregated a-synuclein, which 
was confirmed in subsequent cellular assays 
using fibrillar AB and tau (4). 

Upon binding to LAGS, a-synuclein 
is endocytosed via a clathrin-dependent 
mechanism, LAG3-dependent endocyto- 
sis was also observed with brain extracts 
containing a-synuclein aggregates. Subse- 
quent cell-to-cell movement of a-synuclein 
was observed in a three-chamber cell sys- 
tem using mixtures of wild-type cells and 
cells lacking LAG3 (Lag). Inoculation of 
ecsynuclein fibrils into wild-type mice in- 
duced o-synuclein lesions, neuron loss, and 
behavioral deficits; these effects were di- 
minished in Lag3"- mice. APLPI, neurexins, 
or other known a-synuclein-binding part- 
ners such as heparin sulfate proteoglycans 
or sodium-potassium adenosine triphos- 
phatase (6, 7) may be responsible for the 
residual toxicity in Lag" mice, 

LAG3 (8) has so far been linked mainly to 
immunological functions. It is strongly ex- 
pressed on activated T,, natural killer, and B 
cells, where it dampens several autoimmune 
diseases (9). Moreover, LAG3 coordinates 
plasmacytoid dendritic cell homeostasis and 
contributes to humoral immune responses 
(20). Suppression of LAGS function reduces 
T cell exhaustion, boosting cellular immu- 
nological antitumor or antigenic functions 
(9). No or little expression of LAGS has been 
reported in the brain, although LAGS expres- 


sion may be induced under certain neurode- 
generative or neuroinflammatory conditions. 
Mao et al, now report LAGS expression in 
neuronal cultures from wild-type mice, 

LAGS contains four extracellular immu- 
noglobulin superfamily domains. The main 
c-synuclein binding site resides in domain 
1 (DD), with additional weak binding in D2 
and D3, but not D4, Notably, D1 of LAGS is 
also crucial for binding major histocompat- 
ibility complex (MHC) class II molecules (17) 
(see the figure), Differences in the amino acid 
sequence or the three-dimensional domain 
structure of D1 might mediate preferential 
binding to c-synuclein. Interestingly, other 
immunoglobulin superfamily domain-con- 
taining proteins such as CD4, which also 
contains a MHC class II-binding D1, do not 
bind a-synuclein. Immunoglobulin domains 
are common biological modules in several 
different protein classes, facilitating interac- 
tions with each other. The presence of abun- 
dant f sheets in these domains also enables 
binding to other proteins, Increased 5 sheets 
in misfolded a-synuclein may thus be impor- 
tant for its binding to LAG3. Notably, alter- 
native splicing or proteolytic cleavage can 
generate soluble LAGS (including the D1 to 
D4 domains) (9, 12), which may also mediate 
binding to misfolded a-synuclein. 

Cell-to-cell transmission of pathogenic 
protein assemblies is a poorly understood 
multistep process involving cellular up- 
take, propagation, and escape from the cell. 
It is unclear which stage (or stages) of this 
cycle mediate neurotoxicity, and neurotoxic 
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mechanisms may vary between pathogenic 
proteins or even between cells (13). However, 
interfering with any stage has the potential to 
block the spreading and neurotoxicity of pro- 
teopathic lesions (J, 13). It will be important 
to determine whether LAG3 is simply a cell- 
surface binding protein that mediates the 
uptake of pathogenic a-synuclein, or whether 
LAGS might mediate further intracellular 
trafficking or signaling or propagation of ag- 
gregates. Another crucial step in transmis- 
sion is the exit of pathogenic a-synuclein 
from cells. Strikingly, an unconventional 
deubiquitylase USP19-dependent secretion 
pathway for misfolded cytoplasmic proteins, 
including misfolded a-synuclein but not 
tau (74), suggests that the mechanisms for 
uptake and release may be very specific for 
given proteopathic aggregates. 

In Parkinson's disease, a-synuclein aggre- 
gation in the brain begins many years before 
the onset of symptoms (15). Thus, interfering 
with the a-synuclein cascade is likely to be 
most effective when initiated at an early pre- 
clinical stage, LAG3-blocking antibodies were 
used by Mao et al., and anticancer agents that 
block LAGS have been developed to overcome 
immunosuppressive mechanisms within the 
tumor microenvironment (9). However, to 
minimize the risk of autoimmune or hyper- 
immune activation phenotypes, very specific 
suppression of LAGS in the brain is needed 
if this protein is to be safely targeted in the 
treatment of brain diseases. 

If LAGS is confirmed to be a receptor for 
pathogenic c-synuclein, it will be important 
to define the structural requirements for 
binding and the nature of the pathogenic a- 
synuclein species that binds LAG3. Although 
many important issues remain to be resolved, 
the remarkable interaction of LAGS and ag- 
gregated c-synuclein calls for additional 
research to determine the physiological func- 
tion of LAGS in the brain and to evaluate the 
potential of LAGS as a therapeutic target for 
modifying the course of Lewy body dementia 
and Parkinson's disease. s 
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Decision-making. 
behavior in bumblebees 
appears analogous to 
optimism in humans. 


BEHAVIOR 


Bee happy 


Bumblebees show decision-making that reflects 


emotion-like states 


By Michael T. Mendl and Elizabeth S. Paul 


m his book, The Expression of the Emo- 
tions in Man and Animals, Charles Dar- 
win noted that “Even insects express 
anger, terror, jealousy, and love by their 
stridulation.” Almost 150 years later, 
spurred by an interest in the evolution 

ary roots of emotional (affective) processes 

and their underlying mechanisms, there 
has been a sudden upsurge of research into 
the question of whether insects and other 
invertebrates may indeed have emotion- 
like states (I-4). Recent work has focused 
on negative affect, but on page 1529 of this 
issue, Perry et al. (5) broaden the scope 
to consider positive emotions. The au- 
thors report decision-making behavior in 
bumblebees that is analogous to optimism 
in humans and may reflect positive affect 

in both humans and other species (6-8), 

Moreover, the behavior appears to depend 

on the activity of dopamine, a neurotrans- 

miter involved in the processing of reward 
in humans. 

Emotions are quintessentially subjective 
experiences—positive or negative feelings 
such as happiness or anger—so how can 
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such private states be studied in nonhuman 
animals? One way is to provide an opera- 
tional definition of emotion that allows re- 
searchers to identify what state an animal is 
in and hence to search for associated under- 
lying mechanisms, and physiological, be- 
havioral and cognitive markers that, unlike 
feelings, can be measured objectively. A re- 
cent suggestion is to use general properties 
of human emotion, including valence [posi- 
tivity or negativity; a key defining charac- 
teristic of human emotion (7, 9)], arousal 
or scalability, persistence after a stimulus 
or event, and generalization across situa- 
tions—so-called “emotion primitives” (1)-to 
identify affective states in other species. 
Another operational definition is that 
emotions are states elicited by rewards and 
punishers, where a reward is something for 
which an animal will work and a punisher 
is something that it will work to avoid (7, 9, 
10). On this basis, an animal exposed to a 
punisher is ina negative affective state. Even 
if researchers disagree, such definitions lay 
out assumptions that can be argued and 
improved, and make clear exactly why a 
particular method for inducing an emotion, 
or a particular measure of emotion, is being 
studied. Many scientists are agnostic about 
whether these operationally defined states 
are consciously experienced in animals, and 
it is possible that some species subjectively 
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experience emotion whereas others exhibit 
behavioral and physiological indicators of 
emotion (‘emotion-like”) without any ac- 
companying feeling (11). 

Perry et al. used a rewarding sweet su- 
crose solution to induce a positive emo- 
tional state in bumblebees, in line with the 
rewards-punishers operational definition. 
‘They then confirmed this state with a cog- 
nitive bias test that is based on the finding 
that human emotions can bias decision- 
making under ambiguous conditions (6). 
‘Thus, happy people are more likely than un- 
happy people to make optimistic judgments 
about ambiguous situations (7). This cogni- 
tive bias test is now used widely in animal 


Testing emotion-like states 


A cognitive bias test examines affect induced changes in decision: 
making under ambiguity. Bees are trained to associate one set of 
cues with a sucrose reward and another set of cues with no reward 
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bees in a positive affective state would fly 
faster to intermediate cues, analogous with 
an optimistic judgment of ambiguity (6). In- 
deed, Perry et al. found that bees given an 
unexpected 60% sucrose reward to induce a 
positive affective state prior to an ambiguity 
trial, flew faster to the cylinder than non- 
rewarded bees. 

Perry et al. then tested the idea that emo- 
tional states generalize across contexts (1), 
observing that the 60% sucrose solution also 
improved the speed of recovery (resumption 
of foraging) from a subsequent predator at- 
tack simulated by brief restraint. The effect 
of sucrose disappeared when a dopamine 
antagonist (fluphenazine) was topically ap- 
plied before the predation test. 
Fluphenazine also prevented 
suerose-induced optimistic-like 
responses to ambiguity in the 
cognitive bias test. 

The findings of Perry et al. 
suggest that a sucrose reward in- 
duces a putatively positive state 
in an insect that persists for at 
least a short time, has effects 
across both positive (foraging) 
and negative (simulated preda- 
tion) contexts, alters behavior as 
predicted in a cognitive bias test 
specifically designed to assess 
the valence of affective states, 
and is mediated by dopaminergic 
circuitry. Such a state satisfies a 
L number of the criteria identified 


only water. by the operational definitions of 
ee emotion (1, 10). 

Tt is possible that the induced 
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emotion research (8). Bumblebees were 
trained such that in any trial, a cylinder 
was placed either on one side of a foraging 
arena next to a green card or on the other 
side next to a blue card. One of the loca- 
tion-color combinations indicated that the 
cylinder contained a 30% sucrose solution 
reward, whereas the other location-color 
combination indicated that the cylinder 
contained just water. The bees learned to fly 
faster to the cylinder on trials with the su- 
crose reward configuration (see the figure). 
Occasional trials were then used to test 
their responses to ambiguity by presenting 
the cylinder between the two trained loca- 
tions and next to an intermediately colored 
(blue-green) card. The prediction was that 
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rather than having affective 
properties, was simply one of 
general increased activity result- 
ing from the energizing effects 
of sucrose. However, Perry et al. 
showed that the sucrose-induced 
faster flight in the ambiguity test 
‘was not observed in other forag- 
ing contexts, and did not occur in response to 
novel stimuli, indicating that it was unlikely 
to be an effect of a general activity increase. 
In the absence of a specific control in the 
simulated predation context, it remains pos- 
sible that sucrose may have exerted its effects 
via a general energizing effect on the speed of 
recovery after restraint. 

‘The finding that a dopamine antagonist 
blocked the effects of sucrose in the forag- 
ing and predator tests indicates that the 
same underlying state was at work in both 
contexts, For example, increased activity 
of reward-sensitive dopaminergic neurons, 
which could be likened to a primitive posi- 
tively valenced state, may bias action selec- 
tion in favor of active or approach behavior 
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in response to relevant stimuli (12). On its 
own, however, this mechanism would not 
explain the specificity of such a response 
to ambiguous as opposed to novel stimuli. 
Moreover, given that dopamine is also in- 
volved in punishment processing (12, 13), 
fluphenazine would have been expected to 
interfere with dopamine-mediated suppres- 
sion of action in response to simulated pre- 
dation in the absence of a sucrose reward, 
but this was not observed. 

‘The study of Perry et al, extends recent 
work on invertebrate emotion, in particular 
by focusing on positive states and their im- 
pact across contexts. It also supports the hy- 
pothesis that one function of affective states 
is to act as a predictor of decision outcome 
probabilities that guides decision-making, 
particularly under ambiguity in which cur- 
rent information on outcomes is lacking 
(9). Given the likely adaptive value of such 
emotion-cognition interactions, it is not sur- 
prising that insects, like other taxa, possess 
emotion-like systems to implement them. 

Many questions remain to be answered, 
including whether cross-context effects are 
indeed the result of an internal state that 
is mediated by the same underlying neural 
mechanisms. Likewise, do induced negative 
states also show cross-context effects and 
are these mediated by the same or differ- 
ent neural processes? The extent to which 
stich states exhibit other operationally 
defined properties of emotion and hence 
warrant the label, is also unclear. Finally, 
whether “emotion-like” states in insects are 
accompanied by emotional feelings remains 
unanswered, but the possibility of insect 
consciousness is now the topic of exciting 
new theories and vigorous debate (14, 15). 
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James W. Cronin (1931-2016) 


A Nobel laureate raised the profile of physics worldwide 


By Alan A. Watson 


ames W. Cronin, who shared the 
Nobel Prize for Physies in 1980 with 
Val L. Fitch for the discovery of an 
unexpected breakdown in the symme- 
tries of charge (C) and parity (P), died 
on 25 August 2016, Their work helps 
explain the conundrum as to why there is 
more matter than antimatter in the universe. 
An outstanding experimentalist and gifted 
data analyst, Cronin’s talents led to major 
discoveries in the fields of particle and cos- 
mic-ray physics. 

Jim Cronin was born in 1931 
in Chicago, Mlinois, and raised in 
Dallas, Texas, where his father was 
a classics professor at Southern 
‘Methodist University. In 1953, he 
started graduate work at the Uni- 
versity of Chicago under Samuel 
K. Allison, studying energy levels 
in the carbon nucleus. He moved 
to the Brookhaven National Lab- 
oratory in New York, and then to 
Princeton University, where he 
honed the spark-chamber tech- 
nique to a fine art, These devices 
were used on many projects, in- 
cluding the CP violation work 
and the Brookhaven experiment 
that established the existence of 
two types of neutrinos. In 1971, 
Jim returned to the University of 
Chicago because of its proximity 
to the Fermi National Accelerator 
Laboratory (FNAL) and because of 
the location of his wife's family. 

In 1977, Jim was appointed 
head the FNAL Colliding Beams division but 
resigned soon after, A largely administrative 
role did not suit him: He was a man who 
liked a very active part in whatever experi- 
ment interested him. A golden age of particle 
physics was ending, and experiments that re- 
quired teams of more than 100 people did not 
appeal to him. But he had one last hurrah: 
In 1982, while on sabbatical leave in Geneva, 
Switzerland at CERN (the European Organi- 
zation for Nuclear Research), he made, with 
10 others, what remains the best direct meas- 
urement of the lifetime of the neutral pion, 

I first saw Jim at a Rencontres de Moriond 
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physics conference in France in March 1981, 
shortly after he had won the Nobel Prize. 
A group of skiers assembled at the top of a 
slope, each carrying a flaming torch marking 
out Jim’ initials; they then skied down to- 
gether. This dramatic display was a striking 
indication of how he was revered by his col- 
leagues. In 1986, Jim decided to study cosmic 
rays and, with a tenacity and care that [Tater 
came to know well, he visited cosmic-ray 


strongholds to discuss his design for an in- 
strument to search for gamma rays from a 
binary stellar system. We first met in Leeds, 


UK, in November 1986. A firm friendship, 
fueled by a mutual interest in malt whisky, 
quickly developed. In 1991, we decided to 
build a collaboration and raise the money 
needed to construct an instrument of un- 
precedented size to study cosmic rays with 
energies up to 10" electronvolts. Flux esti- 
mates of such events, about one per square 
kilometer per century, demanded a huge de- 
tector. Thirteen years later, the Pierre Auger 
Observatory, covering 3000 km! of Western 
Argentina (the size of Rhode Island), started 
taking data and continues to do so with a 
team of over 400 hundred scientists from 16 
countries. The route to this achievement was 
strewn with difficulties, and it was a privi- 
lege to be at Jim's side as we overcame them, 
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largely through his formidable drive and the 
discrete use of his status. For example, al- 
though the United States was not a member 
of the United Nations Educational, Scientific 
and Cultural Organization (UNESCO), he ex- 
tracted $100,000 for scientists from develop- 
ing countries to work on a 6-month design 
study at FNAL, got support for us to tour the 
Far East to raise interest, and prised $1 mil- 
lion from the University of Chicago to build a 
stunning center at the site. We visited Hanoi 
and, although the United States then had no 
diplomatic relations with Vietnam, met the 
vice president of the Communist Party, a for- 
mer theoretical particle physicist. 

Evaluation of our plans by an international 
body proved impossible, so Jim invited a 
panel of experts, including a Nobel laureate, 
to assess us. Their report helped raise $50 
million, an unprecedented sum for cosmic-ray 
work, although one agency commented, “Of 
course it is a favorable report: You 
chose the committee” Jim also 
formed a remarkable relationship 
with Argentina's President Carlos 
Menem, who gave 11 million pesos. 
‘They met three times, Menem ap- 
pearing to believe that being pho- 
tographed with a Nobel laureate 
might help to have the constitu- 
tion changed to allow him to run 
for a third term. 

‘The success of the Auger Obser- 
vatory, coupled with Jim's many 
visits, has greatly enhanced the 
profile of fundamental physics in 
Argentina, Brazil, Mexico, and Vi- 
etnam, Although the Vietnamese 
group is no longer a member, a 
thriving astrophysics school has 
evolved there. The small town of 
Malargite, Argentina, which hosts 
the observatory, now has the 
James Cronin School, financed 
by Jim and by private donors. A 
UX. engineer, who developed the 
communications system, founded 
his own company, with his first contract, to 
make the single-track rail-lines in Scotland 
safer and more reliable, using Auger technol- 
ogy, Neither of us had realized that the Auger 
Collaboration would become so large, but 
Jim thrived in the environment, stimulat- 
ing young people greatly, while carrying out 
his own analysis using the FORTRAN pro- 
gramming language and an ancient graph- 
ies package hosted on a dedicated Chicago 
computer. 

Jim will be sorely missed by all who knew 
him, Without his strong sense of direction 
and his persuasive skills, the Pierre Auger 
Observatory, and many other projects, would 
never have succeeded. 
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Growing pains for global 
monitoring of societal events 


Automated event coding raises promise and concerns 


By Wei Wang,’ Ryan Kennedy,’ David 
‘Lazer,** Naren Ramakrishnan’ 


here have been serious efforts over 
the past 40 years to use newspaper ar- 
ticles to create global-scale databases 
of events occurring in every corner 
of the world, to help understand and 
shape responses to global problems. 
Although most have been limited by the tech- 
nology of the time (Z) [see supplementary 
materials (SM)], two recent groundbreaking 
Projects to provide global, real-time “event 
data” that take advantage of automated 
coding from news media have gained wide- 
spread recognition: International Crisis Early 
Warning System (ICEWS), maintained by 
Lockheed Martin, and Global Data on Events 
Language and Tone (GDELT), developed and 
maintained by Kalev Leetaru at Georgetown 
University (2, 3). The scale of these programs 
is unprecedented, and their promise has been 
reflected in the attention they have received 
from scholars, media, and governments. 
However, they suffer from major issues with 
respect to reliability and validity. Opportuni- 
ties exist to use new methods and to develop 
an infrastructure that will yield robust and 
reliable “big data” to study global events— 
from conflict to ecological change (3). 
Automated event coding parses individual 
sentences into SUBJECT VERB OBJECT for- 
mat and categorizes the action using a frame- 
work like CAMEO (Conflict and Mediation 
Event Observations). So a statement like "Sec- 
retary of State John Kerry complained about 
Russia's support of Syria's Bashar al-Assad” 
‘would be coded as US GOVERNMENT/DIS- 
APPROVE/RUSSIAN GOVERNMENT. This 
can be refined into a numeric level of hos- 
tility or cooperation by using scales like the 
Goldstein Score, Whereas CAMEO focuses 
on categories for international and domestic 
conflict, similar frameworks could be devel- 
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oped for almost any kind of interaction in 
news media (eg., transactions between busi- 
nesses or debates over scientific findings). 
Uses for the resulting data have been man- 
‘fold. Hand-coded and automated event data 
have been used to anticipate conflict escala- 
tion (2). When combined with statistical and 
agent-based models, ICEWS claims a fore- 
casting accuracy of 80%. GDELT has been 
used to track, e.g., wildlife crime and the rise 
of hate speech following the UK. Brexit vote, 
‘There are several challenges in the cur- 
rent approach. First, the focus on sentences 
removes a great deal of context. Event occur- 
rences do not neatly partition into sentences, 
This lack of context, for example, often fails 


“Event data can provide 
insights into...global 
problems, from...security 
to the spread of diseases.” 


to distinguish rereporting of historic events, 
and this results in high rates of duplication. 
Second, event data programs can have in- 
consistent corpuses over time. For instance, 
GDELT has expanded the number and vari- 
ety of its sources. Although expansions are 
positive—incorporating, for example, more 
non-Western news sources—there is difficulty 
interpreting what a spike in GDELT data at 
a particular time means; the project has not 
been entirely transparent on how these ex- 
pansions have taken place. ICEWS has been 
more consistent about maintaining a com- 
mon set of sources across nearly 25 years. 
‘Third, the text-processing systems used 
in event coding are still similar to ones de- 
veloped more than 20 years ago. Although 
ICEWS has recently begun leveraging a ma- 
chine-learning approach, GDELT still relies 
on dictionary-based pattern matching that 
leads to overly simplified or misclassified 
coding instances, The field of text process- 
ing has developed a range of tools to address 
these issues (4, 5). Finally, although there are 
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a few large event-coding programs, the aca- 
demic groups working on these problems are 
surprisingly diffuse and isolated (see SM). 


RELIABILITY 

Our first set of experiments deals with the 
reliability of event data—whether programs 
ostensibly using similar coding rules produce 
similar data. We used four sources of event 
data [ICEWS, GDELT, Gold Standard Report 
(GSR), and Social, Political, and Economic 
Event Database (SPEED)], all designed to 
detect protest events. GDELT and ICEWS are 
fully automated and are the best attempts so 
far at real-time global event data. The GSR 
data set, generated by the nonprofit MITRE 
Corporation, is hand-coded from local and in- 
ternational newswires in Latin America since 
2011 (6). SPEED is a semiautomated global 
event data system by the University of Iinois 
that uses a combination of human and au- 
tomated techniques for identifying events. It 
touts the high validity of its event coding (7). 
GSR and SPEED were developed to provide a 
“ground truth,” but their methods would be 
difficult and expensive to scale, Despite these 
systems’ different origins (eg. ICEWS was 
meant to encode strategie interactions, often 
among nation-states, and GSR was meant to 
focus on tactical, local issues) (see SM), we 
anticipate that overall there should be a high 
correlation between the time series of events 
generated by these projects, even if the event 
counts are not comparable. 

We find a weak correlation between event 
data collections [correlation coefficient (7) < 
0.3]. The average correlation between GDELT 
and the GSR across Latin America is 0.222, 
and the correlation between ICEWS and the 
GSR is 0.229, SPEED and GDELT records 
match (Le, both data sets recorded a pro- 
test happening on the same day) 17.2% of the 
time. SPEED and ICEWS agree on 10.3% of 
events. ICEWS and GDELT rarely agree with 
each other, with an average correlation across 
Latin America of 0.317 (see SM). Correlations 
between countries improve when there are 
large upticks in event counts, For example, 
the increase in protests in Venezuela in Janu- 
ary 2014 is well captured by both ICEWS and 
GDELT (see the chart). They also improve 
when the time scales are rougher (from daily 
to weekly or monthly) (see SM). Reliance on 
English-language news coverage results in 
stronger correlations for states more often in 
the Western press (e.g., Brazil) (8) (see SM). 


VALIDITY 

To assess the the degree to which event- 
coding projects reflect unique real-world 
events, we leveraged a special characteris- 
tic of the GDELT data set. Since its launch 
in April 2013, GDELT has provided URLs for 
most of its coded events. We looked at pro- 
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test events up to 2 July 2014 
(431,549 records); extracted 
content for records with a 
valid URL (344481 records); 
and filtered them to assess the 


Weekly count of protest events in Venezuela 
Event data from GDELT, Global Data on Events Language and Tone; ICEWS, international 
Crisis Early Warning System; and GSR. Gold Standard Report (see suppl. materials). 


A consortium should be de- 
veloped to provide real-time 
controlled access to a compre- 
hensive array of copyrighted 
material, to protect the busi- 


validity of their classification 500 ness interests of news agen- 
as protest events. This yielded mi oeLT cies, and to elicit broader social 
113,932 unique, nonduplicated micews interest in event data, The UN 
events that are highly probable 400, mask Global Pulse initiative and 
to be about protests at the time Flowminder in Sweden, which 
reported. Even for these filtered address similar issues regard- 
records, only 49.5% are classi- 300 ing cell phone data, could pro- 
fied as referring to actual pro- vide a model, 

tests, roughly in line with what & Programs like those pro- 
we found in 1000 human-coded 200 \ posed here have been tried in 
records (see SM). After key- other areas, such as social me- 
word and temporal filtering, 5 dia analysis and search-engine 
de-duplication of events, and technology, with strong results 
machine-learning classification (22). Such an effort can go along 
of real events from nonevents A way toward settling the dehate 
or planned events, only 21% of over the extent to which fully 
GDELT's valid URLs indicate a pm et AS ON PF MAM 4 automated approaches, like 
true protest event. 2013 2014 those of GDELT and ICEWS, 


‘The ICEWS system was more 
robust (about 80% of keyword-filtered events 
were classified as protest events) but still 
vulnerable to duplicate events (<20% of the 
recorded events). Thus, computer-automated 
event data often duplicate and misclassify 
events, and tools, including the ones used 
here, deal with many of these issues (4, 5). 
Similar tests for the other 19 event categories 
in GDELT and ICEWS found similar prob- 
Jems (see SM). 


POLICY IMPLICATIONS 

Coding of interactions in news media is com- 
plex, as it involves actor recognition and nor- 
malization, time-frame detection, geocoding, 
event encoding, classification, multilingual 
support, and other issues, Yet the history of 
event data has been one of small teams and 
underfunded research, It has not helped that 
much of the development has taken place in 
Political science, a discipline under constant 
threat of having its National Science Founda- 
tion (NSF) funding cut by Congress. 

As scholars and government agencies cre- 
ate the next generation of large-scale event 
data, two goals should shape their efforts. 
First, new efforts must develop a multidis- 
ciplinary community of scholars, including 
computational linguists, data analytics pro- 
fessionals, information extraction practitio- 
ners, and domain experts. Although there 
have been improvements in the natural lan- 
guage processing used for ICEWS (9), inno- 
vation in the event data field has been slow, 
especially in handling contextual features 
and temporal and geographic information. 
Neither ICEWS nor GDELT were designed 
to de-duplicate events; multiple occurrences 
have sometimes been used to denote event 
significance and to support improved model- 
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ing. The one-sentence-per-event model is not 
sufficient for predictive, diagnostic, or ab- 
ductive reasoning. Research on probabilistic 
databases can help one reason about incon- 
sistency issues in information extraction and 
how best to integrate imprecise information 
into event coding (10, 12), Itis time to develop 
a strong community of teams competing to 
create the best possible event data, and event- 
coding software should be released publicly 
to encourage community engagement. 
Second, the corpus used to create event 
data must be made explicit, and, to the ex- 
tent possible, shared between teams, As dem- 
onstrated by legal issues faced by GDELT [a 
dispute over use of source materials resulted 
in scholars abandoning the project and ob- 
stacles to using the data for publication (see 
SM)], the current system, where corpus de- 
velopment can only be done by well-funded 
individual teams with exclusive rights to 
material, is problematic and encourages at- 
omization of the field. Such a corpus should 
include more non-English sources to avoid 
some of the issues observed above (see SM). 
We recommend developing open test 
beds of event data against which different 
approaches can be tested. These test beds 
should be composed of a representative set of 
textual data, with some portion hand-coded. 
Such test beds can be used in contests, like 
those sponsored by DARPA (Defense Ad- 
vanced Research Projects Agency) or TREC 
(Text Retrieval Conference), where different 
approaches to text analysis compete to pro- 
duce the best automated coding for event 
data, This would allow scholars to test tools 
already developed for text analysis in other 
areas and to produce tools that deal with 
tracking interactions from media reports. 
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can compete with semiauto- 
mated approaches like that of SPEED. Event 
data can provide insights into a range of 
global problems, from national security to 
the spread of diseases. Our ability to reason 
about world affairs would be improved by the 
availability of high-quality event data. = 
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Rethinking the arrow of time 


Citing shortcomings in Eddington’s theory, a physicist 
proposes a new explanation for the existence of “now” 


By Lisa Jardine-Wright 


5 an astrophysicist and lecturer of 
relativity and quantum mechanics, 
I frequently discuss the fundamen- 
tal principles of Einstein's theories 
and the interpretations of counter- 
intuitive quantum mechanical prop- 
erties. However, rarely have I considered 
the importance or significance of the con- 
cept of “now.” It is an everyday reality that 
I simply take for granted. Richard Muller, 
on the other hand, has given the concept 
considerable thought. In Now: The Phys- 
ics of Time, Muller successfully introduces 
and describes most, if not all, of the key ele- 
ments in an undergraduate physics course, 
masterfully connecting them with the con- 
ceptual thread of “the arrow of time.” 

When I was a child, I had many questions 
relating to time: Is it discrete or continu- 
ous? What is the smallest measurement of 
time that we can make? And, as I get older: 
Is time actually passing faster, or is it just 
my perception? You may consider such 
questions to be metaphysical or philosophi- 
cal, but Muller discusses these and others 
through the lens of a number of major 20th- 
century physics discoveries. 

With major discoveries come major play- 
ers. Muller touches on the work and theo- 
ries of Albert Einstein, Georges Lemaitre, 


The reviewers at the Cavendish Laboratory, University of 
(Cambridge, Cambridge CBS OHE. UK. Email: jw21®@cam.ac uk 


1504 0 SEPTEMBER 2016 - VOL 458 ISSUE 6307 


Now 
The Physics of Time 
Richard A, Muller 

Norton, 2016. 364 pp 


Erwin Schrédinger, and Arthur Eddington, 
to name just a few. 

‘There are five parts to the book, and as 
they progress, Muller's discussion evolves 
from physics to metaphysics and philoso- 
phy. Throughout, he continually reminds 
the reader that we must not accept theories 
unless they are testable or falsifiable, 

Talso infer a second evolution in the book’ 
progression: a gradual transition from ac- 
cepted theory to speculation. Consider the 
question, why is it that we remember the past 
and not the future? I have long considered 
Eddington’s explanation—that the direction 
of time can be understood through the sec- 
ond law of thermodynamics—to be perfectly 
acceptable, However, in Muller's view, this 
explanation is inadequate. 

‘Muller believes that Eddington's entropy 
explanation of the arrow of time is “deeply 
flawed” because his theory and subsequent 
related theories make no predictions but 
only explain the phenomenon. Muller sug- 
gests alternatives such as the “decreasing- 
entropy” arrow—the theory that we evolve 
to order rather than disorder on a local 
level—and the radiation arrow, suggested 
by the eminent Swiss physicist Walther Ritz, 
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“Suppose time stopped. Would you notice? How? 
‘Suppose it moved forward in fits and spurts, or 
ata totally diferent rate. Could you detect the 
difference?” asks Richard Muller. 


in which radiation drives time forward. He 
also discusses the possibility that time is an 
emergent property of our own consciousness 
(the psychological arrow) and the idea that 
the parameters of our universe are somehow 
special, as evidenced by the presence of intel- 
ligent life (the anthropic arrow). It is in these 
sections where Muller touches on aspects 
of metaphysics and philosophy: the nature 
of existence, the fact that we are able to ask 
questions about the universe, and the reason 
that time must move forward. As yet, there 
is no definite answer as to why we remem- 
ber the past and not the future, but Muller 
suggests that quantum theory or a four- 
dimensional Big Bang may hold the key. 

Along the way, the reader is treated to 
excellent descriptions of key fundamental 
concepts in physics, including apparent 
paradoxes in special relativity, E = me’, the 
principle of equivalence, black holes, quan- 
tum entanglement, statistical physics, the 
Big Bang, inflation, and the cosmic micro- 
wave background. 

‘The strength of this book lies in Muller's 
experience as a lecturer and teacher, which 
has enabled him to describe and explain dif- 
ficult concepts with simplicity. An example 
can be found in chapter 3 when he discusses 
length contraction. To measure a moving bus, 
he explains, we must measure the front and 
the back simultaneously. But that, according 
to Muller, is the catch: “That concept is rela- 
tive, Simultaneous in one reference frame is 
not simultaneous in another reference frame. 
A direct consequence is the fact that the 
length will be different in different frames.” 

In his introduction, Muller states that his 
goal is “to bring together the essential phys- 
ies, assembling pieces like a jigsaw puzzle 
until a clear picture of now emerges.” Has 
he achieved this goal? The book definitely 
pre-sents a clear picture of essential phys- 
ies. The significance of “now” and how time, 
as well as space, might have been created by 
the Big Bang is more suggestive than em- 
phatic, in my opinion. 

Maybe Muller's theories are right about 
time, Maybe Eddington’s reliance on en- 
tropy to understand time is misguided, But 
one thing is certainly true about Now: It 
provides a concise master class in under- 
standing the essentials of physics. I would 
recommend it to early-year undergraduate 
physics majors, who will likely find that it 
will help to crystallize and catalyze their 
own conceptual understanding of such fun- 
damental principles. 

10.1126 /science.aah6871 
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INSIGHTS 


EVOLUTIONARY BIOLOGY 


Leveling up 
Advocates aim to 
stimulate renewed 


interest in a hierarchical 
theory of evolution 


By Bengt Autzen 


am hungry for change—for develop- 
ments in hierarchy theory from the 
younger generation writes Niles El- 
‘dredge in the opening pages of Evolution- 
ary Theory. The edited volume provides a 
contemporary selection of historical, con- 
ceptual, and empirical essays on the hierar- 
chy theory of evolution that Eldredge and his 
collaborators hope will bring about renewed 
enthusiasm for the theory in 
evolutionary biology circles. 

‘The hierarchy theory of 
evolution has two central 
pillars, neither of which is 
uncontroversial, First, the 
theory maintains that bio- 
logical nature is organized 
into genealogical and eco- 
nomic hierarchies, The ge- 
nealogical hierarchy results 
from the way biological 
information is transmitted 
over generations, whereas 
the economic hierarchy re- 
sults from the interaction of 
biological entities with the 
environment. Explaining 
biological evolution requires 
elaborating on the interac- 
tion between these two hi- 
erarchies, Second, advocates 
of the theory posit that—like 
a sloshing bucket—large-scale environmen- 
tal disruptions cause mass extinctions with 
proportionally large associated evolutionary 
reactions, whereas smaller environmental 
disruptions have lesser associated evolution- 
ary effects. 

‘The book consists of 16 essays that are 
organized into three parts. The first part 
focuses on conceptual and terminological 
issues related to hierarchy theory. This sec- 
tion includes an insightful essay by the pa- 
leontologist and evolutionary biologist Bruce 
Lieberman that makes the case that evolu- 
tionary biology is both a historical science 
and a science that discovers laws. 
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Bristol Bristol BS8 1TH, UK. Email hautzen®bista ac uk 


SCIENCE sciencemag.org 


‘The second part of the book is dedi- 
cated to the dynamic relationships between 
entities at different levels of biological 
hierarchies. The essay contributed by evo- 
lutionary ecologist Mihaela Pavliéev and 
collaborators—which develops an abstract 
theory of the behavior of emergent systems 
by examining structural similarities be- 
tween biological systems at the molecular 
level and in human cultural evolution—was 
particularly illuminating, 

‘The third and final part of the book 
turns to the notion of macroevolution, 
where hierarchy theory originated. In one 
of the essays in this section, paleoecologist 
Warren Allmon offers a detailed analysis of 
the role that tempo and mode play in mac- 
roevolutionary theory. Allmon’s proposed 
usage of these terms promises to clarify a 
sometimes ambiguous discourse invoking 
these concepts, 

All three parts of the book begin with in- 
troductory sections written by the editors, 


“Community-level feedback” may have played a role in species extinction and diversification 
in the Karoo Basin of South Africa, argue Peter Roopnarine and Kenneth Angielczyk. 


To me, these sections have the character 
of additional essays rather than introduc- 
tory comments. As such, they constitute a 
missed opportunity for making the volume 
accessible to a wider audience. 

A more substantive concern relates to the 
different connotations of hierarchy theory 
at play in the volume. In its strict reading, 
hierarchy theory refers to the evolution- 
ary theory developed by Eldredge and most 
comprehensively outlined in his monograph 
Unfinished Synthesis (1). Crucial features of 
this account are the interplay between eco- 
nomic and genealogical hierarchies and a 
thesis regarding the causes of macroevolu- 
tion. Understood more liberally, hierarchy 
theory refers to the idea that the biological 


world is organized hierarchically and that 
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this structural feature is relevant for under- 
standing evolution, Both interpretations are 
at play in the volume, but the distinction is 
not always clear, 

For instance, in chapter 6, evolutionary 
biologist T. Ryan Gregory and collabora- 
tors convincingly make the case for a mul- 
tilevel approach to explain the evolution of 
transposable elements (TEs) in the human 
genome, Drawing an analogy to the “gene’s- 
eye view” of evolution, their account opposes 
organism-centric evolution. By doing so, the 
essay fits well into the framework of multi- 
level selection theory. Does this amount to 
providing a hierarchical 
theory of evolution of TEs? 
Surely it does, if one applies 
the liberal reading of hier- 
archy theory, Matters are 
less clear, however, when it 
comes to the strict reading 
of hierarchy theory. 

This contrast becomes 
apparent in chapter 8, 
when philosophers of bi- 
ology Telmo Pievani and 
Andrea Parravicini discuss 
the gap between standard 
multilevel selection theory 
and the hierarchical theory 
of evolution, and in the con- 
clusion of the book, when 
Pievani asserts that “the 
mainstream of evolutionary 
biologists still retains an 
antihierarchical attitude.” 
‘This may be true if the strict 
reading of hierarchy theory is adopted but 
not if hierarchy theory is understood more 
liberally, given the prevalence of multilevel 
selection theory in contemporary evolution- 
ary biology. 

Despite these issues, both the range of top- 
ies covered in this volume and the diversity of 
contributors are impressive. As such, it serves 
an important need at a time when highly spe- 
cialized journals rarely provide the opportu- 
nity for biologists and philosophers to jointly 
engage with conceptual issues in biology. = 
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INSIGHTS 


Edited by Jennifer Sills 


Scientists stand 
with Standing Rock 


‘THE DAKOTA ACCESS Pipeline (DAPL) 
is a proposed 0.76-m-diameter pipeline 
spanning approximately 1850 km to 
transport crude oil (7), The Standing Rock 
Sioux Tribe of Fort Yates, North Dakota 
recently filed a lawsuit against the United 
States Army Corps of Engineers (2), who 
approved construction of DAPL segments 
in North Dakota. The Tribe argues that the 
environmental assessment conducted for 
DAPL (1) did not reflect important nega- 
tive ecological, cultural, socioeconomic, 
and public health impacts on the Tribe and 
region (2). The DAPL project is just one 
of many haphazard approaches to natural 
resource extraction that overlook broader 
consequences of oil development (3). Such 
practices do not comply with recent Paris 
Agreement commitments to cut fossil fuel 
emissions by 2030 (4). 

‘To date, more than 90 scientists have 
signed a resolution (5) in support of 
halting all construction of the DAPL 
until revised environmental and cultural 
assessments are carried out as requested 
by Standing Rock Sioux Tribe. In light of 
recent Paris Agreement commitments, 
the resolution calls for the U.S. Federal 
Government to give explicit consider- 
ation to how this and any other proposed 
national energy strategies affect public 
health, environmental justice, and biodi- 
versity conservation. 
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Build habitats, not 
Jences, for caribou 


IN HIS NEWS In Depth story “To save 
caribou, Alberta wants to fence them in” 
(22 July, p. 333), W. Cornwall reported on 
a proposed 50-year-long project to create a 
predator-free, fenced, 100-square-kilometer 
landscape to farm caribou in the Little 
‘Smoky range. The program intends to kill 
wolves, black bears, threatened grizzly 
bears, cougars, and all large prey such as 
moose, deer, and elk. Naive farmed caribou 
calves will be released in areas where 
predators have been killed. Oil and gas and 
forestry activities will be allowed within 
the enclosure (1), and habitat loss and 
fragmentation will continue as usual. 
Fencing wildlife is known to have sub- 
stantial impacts on biodiversity (2), and 
removing large predators causes cascad- 
ing ecological consequences (3). Releasing 
naive caribou that are less sensitive to 
natural danger cues (4) will not address 
habitat loss and fragmentation, which are 
the ultimate reasons for the decline of 
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the Little Smoky population (5). After the 
demonstrated failure of a highly unethi- 
cal wolf-culling program from 2005 to 
2012 (6), the creation of a predator-free 
enclosure may be the government's desper- 
ate last-ditch attempt to stimulate caribou 
recovery without jeopardizing industrial 
activities. The carrying capacity of the 
Little Smoky caribou range is very low (7), 
and culling wolves or creating artificial 
landscapes will not increase caribou num- 
bers, The recovery of Little Smoky caribou 
depends on maintaining or increasing sup- 
plies of food and protective cover, which 
is best done by conserving high-quality 
priority zones that encompass and connect 
muskegs and pine-dominated habitats 
that are used by caribou (6). Breeding and 
raising naive caribou should be done in 
2005, not in the wild. Habitat conservation 
should be immediately implemented in the 
Little Smoky caribou range. 
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Illegal wildlife trade: 
Look to the elephants 


‘THE EXPANSION OF global illegal traf- 
ficking and its cooption by sophisticated 
criminal syndicates have accelerated the 
overharvesting of species (1). Although we 
lack understanding of the illegal trade of 
most species, we have gained insight into 
elephant ivory trafficking through a variety 
of monitoring approaches. Assessing the 
strengths and weaknesses of these strate- 
gies can help us both improve them and 
apply them to research on other species 
imperiled by trafficking. 

Approaches to monitor ivory trafficking 
are diverse, The Monitoring of the Ilegal 
Killing of Elephants (MIKE) program (2, 3) 
provides the most current metrics of illegal 
harvest. Analysis of illegal ivory seizures 
can identify international trafficking routes 
and key trade ports (4). Genetic assignment 
of seized ivory identifies source popula- 
tions and intra-continental trade routes (5). 
Isotopic sourcing provides parallel insight to 
genetic data and can age seized contraband 
(@). Surveys provide fundamental data on 
population status and trends (7, 8). 

In aggregate, these approaches provide 
comprehensive information on the ivory 
supply chain and scale of illegal harvest. 
Within range states, this has raised aware- 
ness, directed anti-poaching efforts, and 
led to diplomatic pressures to stop poach- 
ing, On the trafficking side, identification 
of key destination markets, namely China 
but also the United States, Vietnam, and 
‘Thailand (4, 9), and transit ports have 
focused demand reduction campaigns and 
threats of sanction from the Convention on 
International Trade in Endangered Species 
of Wild Fauna and Flora (CITES). egal 
trade in other species could greatly benefit 
from investment in similar data collection 
and collation efforts. 

Strategies to control the crucial demand- 
side stimulants of ivory trafficking still need 
improvement, Focused demand reduction 
campaigns and domestic trade bans may 
serve to undermine the foundations dri 
ing illegal ivory trafficking. Overtures to 
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end domestic trade in the primary ivory 
market of China, as recently implemented 
in the United States (10), have the potential 
to reduce avenues for laundering black 
market ivory, particularly if coupled with 
strict enforcement of border flows that 
stymy commerce of ivory from neighboring 
countries. Such actions should be supported 
and encouraged by the global community. 
‘The adoption of the International Union for 
Conservation of Nature (IUCN) resolution 
calling for the closure of domestic markets 
for elephant ivory sets a good precedent (17). 
George Wittemyer 
Save The Elephants, Nairobi, Kenya and Department 
of Fish Wildlife and Conservation Biology, Colorado 


State University, Fort Collins, CO 80523, USA. 
Email: GWittemyerdcolostate.edu 
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AAAS Leshner Fellows help confront climate impacts 


By Michaela Jarvis 


Climate scientists participating in the AAAS Leshner Leadership 

Institute are engaging communities across the United States in a 
way that could skirt—and possibly defuse—ideological opposition to 
acknowledging that the climate is changing. 

On the front lines of a trend and drawing on training they received 
after being selected as the 2016 AAAS Leshner Fellows, the scientists 
are convening community leaders and policy-makers—in fields such 
as city planning, agriculture, disaster planning, and natural resource 
management—and asking them directly what kinds of scientific 
information they need to protect against ongoing changes in the 
climate, such as record flooding and heat waves. 

“For me, public engagement is about working from the bottom 
up—one audience at a time—building relationships and trust, 
sharing knowledge, and figuring out how to address the needs of 
stakeholders,” said fellow Benjamin Preston, senior research scientist 
‘at Oak Ridge National Laboratory 
and deputy director of the labora- ~ 
sevice c EE 
Science Institute. Preston is at Chesapeake Bay — 
‘work on an institution-wide plan 
to mobilize scientists to find out 
from city and county leaders “how 
our science, data, and tools can 
inform some of their challenging 
decisions” 

‘A March 2016 Gallup poll 
showed a sharp ideological 
divide in the acknowledgment of 
climate change, with just 40% of 
Republicans worried “a great deal” 
or “a fair amount” about global 
warming, as opposed to 84% of, 
Democrats. According to research 
on the phenomenon, climate scientists presenting their data to the 
public has had little effect on public opinion. 

“More information or more basic knowledge doesn't seem to 
overcome polarized differences on issues such as climate change,” 
‘Matthew Nisbet, associate professor of communication studies and 
affiliate associate professor of public policy and urban affairs at 
Northeastern University, told the fellows at a training session. 

“The whole concept of public engagement,” said Tiffany Lohwater, 
AAAS deputy chief communications officer, who helps run the 
Leshner Leadership Institute program, “is recognizing that audiences 
have something to contribute to the conversation, that this can and 
should be a two-way dialogue, Particularly on issues that are politi- 
cally polarized, this becomes even more important.” 

Earlier this month, fellow Kirstin Dow helped organize the 2016 
Carolinas Climate Resilience Conference to bring together represen- 
tatives of local communities, nongovernmental organizations, state 
and federal agencies, and researchers. With more than 250 partici- 
pants, the conference was designed to promote scientific study that 
is responsive to people’s needs, said Dow, professor of geography at 
the University of South Carolina and principal investigator of the 
‘NOAA-supported Carolinas Integrated Sciences and Assessments 
research team, In a region where lawmakers have suppressed reports 
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of climate-change effects, Dow said her team’s strategy is to “engage 
and support those responsible for public planning” 

Soliciting information from communities regarding exactly what 
kinds of measurements they need from scientists to deal with climate 
impacts is not always a straightforward process. “It has to be a con- 
versation,” said fellow Jeffrey Dukes, “and it isn't an easy one” 

Ina meeting Dukes helped convene in northwest Indiana, he 
said community officials expressed a keen desire for information 
about flooding and record rains, but they were unclear whether they 
needed to know, for instance, how much rain fell ina half-hour or 
over two days in order to facilitate their planning. Dukes, who is, 
director of the Purdue Climate Change Research Center, said a sort 
of interface had to be built between the scientists he works with and 
the community representatives, “to build foundational thinking on 
both sides in order to meet in the middle” 

Fellow Melissa Kenney, assistant research professor in environ- 
mental decision support science at the University of Maryland, 
‘worked with students this sum- 
mer to synthesize the challenges 
of community representatives in 
the Chesapeake Bay by review- 
ing existing reports and other 
documents. “We wanted to do 
our homework so we didn't ask a 
lot of questions that were already 
answered? Kenney said. She and 
her team are looking for “research 
gaps and science translation 
opportunities” to approach com- 
munity leaders with processes and 
tools that will “facilitate evidence- 
based decision-making” 

“In a densely populated 
‘watershed, climate is amplifying 
existing impacts on our region,” 
added Kenney. “So we don't have a choice; we have to make decisions 
to consider current and future climate consequences.” 

As the director of the University of Minnesota's Institute on the 
Environment and the head of the university's Department of Ecology, 
Evolution and Behavior, fellow Jessica Hellmann works with natural 
resource agencies and land managers to help them confront climate 
impacts in their conservation planning, At the same time, she and 
her colleagues are reaching out to sustainability directors at corpora- 
tions, who she said are “constantly secking ways to make the sustain- 
ability case to corporate leadership” 

Dukes, for one, is hopeful that his team’s efforts will contribute 
to moving the public at large toward acknowledging and respond- 
ing to climate change. “Climate impacts are happening, and it 
would be stupid not to consider them as we're spending all kinds of 
money constructing infrastructure.” Dukes said. “We're going to save 
Hoosiers money and strengthen our state, and hopefully that will 
encourage people to take climate change into account.” 


The AAAS Leshner Leadership Institute is now accepting applica- 
tions for 2017 from mid-career scientists working in infectious 
disease research. The application deadline is November 1. For more 
information, visit http:/leshnerfellows.aaas.org. 
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GALACTIC STRUCTURE 


Mapping the local Milky Way 
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Organ cross-talk for the release of insulin from cells 
ica Fi in the brain in response to 
insulin secretion dietary amino acids. This work 


demonstrates that cross-talk 
between organs can modulate 
insulin levels and ultimately 
control body size. BAP 

Science, this issue p. 1553 


Organisms must adapt their 
growth to changing environmen: 
tal conditions, such as variations 
in nutrient access. In Drosophila 
dietary amino acids promote the 
release of insulin-like peptides 
from the brain, which activate 
organismic growth. Delanoue 


et al. show that the peptide 
Stunted (Sun) is produced by On the path _ 
fat cells upon amino acid and toward a vaccine 


‘A major goal in combating 
HIV-Lis the development of a 


TOR signaling. Sun binds to the 
G protein-coupled receptor 
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Okuyama et al., p. 1536 


Detailed imaging ofthe 
local Milky Way suggests 
that it may resemble 
far-away spiral galaxies. 


lestial features. 
to appreciat 
en stars in c 


is hare 


neutralizing antibodies (bNAbs) 
‘As bNAbs develop, however, 
they acquire many somatic 
mutations, so that they differ 
substantially in sequence and 
antigen-binding capability from 
their germline precursors. To 
circumvent this challenge. Sok 
etal, used mice engineered to 
express the human immunoglob 
ulin locus. Despite the extremely 
rare frequency of germline pre: 
cursor antibodies (less than one 
per mouse), nearly 30% of mice 
immunized with their germline 
targeting immunogen developed 
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a bNAb precursor response. This 
suggests feasibility in humans, 
where precursor frequencies are 
higher. -KLM 


Science, this issue p.1557 


Recreating optics 

in graphene 

Light usually takes the shorte 
path to propagate betweer 
points. In contrast, electrons in 
solids experience collisions. To 
get into a regime that resem: 
bles the propagation of light, 
researchers need very clean 
materials. Having achieved this 
regime in graphene, Chen et al. 
used the bending of electron 
ectories in magnetic fields 
to show that, at a boundary 
between regions of different car 
rier densities, electrons “retract 
in analogy to the refraction of 
light. Ina related experiment, 
Lee et al. probed the transport 
of these ballistic electrons in a 
superlattice band structure. —JS 


Science. this issue pp.1522 and 1526 


Repairing the 

breaks you make 

Cyclin A2 is a mammalian cell 
cycle protein that plays a critical 
role in DNA replication and mitotic 
entry. It has been associated with 
poor clinical outcomes in human 
tumors, Kanakkanthara etal 
show that oy 
end of a spe 
that codes for the critical DNA 
repair enzyme Mrell. This binding 
stimulates the expression of the 
Mrell mRNA, thereby coordinat- 
ing the replication of DNA with the 
presence of the machinery that 
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repairs DNA lesions caused by 
replication errors. GR 
Science, this issue p.1549 


Rock deformation 
goes magnetic 
The topography in regions such 
as the western United States 
depends on the strength of the 
crust and lithosphere. To better 
understand regional tectonic— 
scale topographic evolution, Liu 
etal. incorporated magnetotel 
luric imaging, which relies on 
electromagnetic fields to investi 
gate subsurface properties, into 
lithospheric evolution models 
(see the Perspective by Kaus). 
This approach constrains the 
strength and viscosity of Earth's 
near-surface layer, highlighting 
how a new data source can shed 
light on the response of subsur- 
face rock to stress. -BG. 
Scionce.thisissue p 1515; 
see also p.1495 


More function 

with 3D printing 

The creation of parts by the 
guided layer-by-layer deposition 
of materials, better known as 
three-dimensional (3D) printing, 
is often confined to a single mate: 
rial. This can limit the functionality 
of the fabricated structures. 
MacDonald and Wicker review 
methods in 3D printing for inte- 
grating dissimilar materials and 
also for interconnecting active 


3D periodic spiral antenna produced through 
hybrid manufacturing 


1510 30 SEPTEMBER 2016 - 


components, such as adding 
wires to power embedded sen- 
sors and motors, Multifunctional 
capabilities can be enhanced 
with electronic, mechanical, 
electromagnetic, and biological 
components, PDS 

Science, thisissue p.1512 


CRISPR editing 
illuminates function 


The noncoding regions around 
agene tend to control the 
transcription of protein-coding 
genes, but the specific elements 
involved are difficult to deter- 
mine. Leveraging the editing 
ability of the CRISPR-Cas9 
system, Sanjana et al. tiled guide 
RNAs across three genes associ 
ated with vemurafenib-resistant 
cancers. This allowed for the 
coverage of both coding and 
noncoding sequences in order 
to identify functional noncoding 
regions. CRISPR-Cas9 mutagen- 
esis can therefore functionally 
evaluate noncoding mutations in 
an unbiased way. -LMZ 

Science, this issue p.1545 


Engineering 
antitumor activity 
Dendritic cells present antigens, 
including those from tumor cells, 
to T cells to stimulate immune 
responses. Antitumor vaccines 
based on injecting dendritic 
cells, however, have not been 
effective. Li et al. found that 
melanoma cells released 
cytokines that activated 
a transcriptional path: 
way that suppressed the 
antitumor responses of 
dendritic cells infiltrating 
the tumors, Vaccination 
experiments in tumor- 
bearing mice suggested 
that injecting dendritic 
cells engineered to 
overcome or prevent 
the response to tumor- 
derived cytokines might 
prove to be an effective 
immunotherapy strategy 
in cancer patients. —LKF 
Sci Signal. 9, ra24 (2016). 
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Beware of the dust 


Antimicrobial chemicals are 
used in many soaps and other 
personal-care products. They 
are found in household dust at 
concentrations comparable to 
those in wastewater. Laboratory 
studies have shawn that these 
chemicals can promote antimi- 
crobial resistance in aqueous 
environments. Hartmann et al 
explore whether they are also 
associated with antimicrobial 
resistance in indoor dust. They 
report a positive association 
between antimicrobial concen: 
tration and the abundance of 
multiple antibiotic-resistant 
genes in indoor dust at a mixed 
use athletic and educational 
facility. Antimicrobials may 
thus havea strong influence on 
the promotion and retention 
of antibiotic-resistant genes in 
indoor environments. —JFU 
Environ, Sci. Technol.10.1021/ 
acs est. 6600262 (2016). 
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Drugging an 
undruggable target 
Transcription factors have long 
been viewed as “undruggabl 
targets for therapy; however, this 
concept may now need some 
tweaking. Cho et al. found that a 
‘small-molecule drug (PT2399) 
that inhibits the activity of 
the transcription factor HIF2a 
(hypoxia-inducible factor 2a) has 
promising antitumor effects in 
mouse models of kidney cancer. 
HIF2a controls the expression 
of genes that help tumors cope 
with low amounts of oxygen. In 
mice, PT2399 suppressed the 
growth of metastatic kidney 
tumors and improved the 
animals’ survival. Not all tumors 
responded to the drug, sug: 
gesting that in a clinical setting 
doctors may need to rely on yet- 
to-be-discovered biomarkers to 
match the drug with the patients 
most likely to benefit. -PAK 
Nature 10:1038/nature19795 (2016). 
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NEURODEGENERATION 


Receptor propagates 
protein aggregation 
The protein a-synuclein, which 
is abundant in brain neurons, 
functions as a soluble mono- 
mer. Abnormal oligomerization 
of this protein into insoluble 
aggregates correlates with 
Parkinson's disease (PD). The 
progression of PD may depend 
on the spread of aggregation 
from neuron to neuron. Mao 
etal. show that the neuronal 
surface protein LAG3 (encoded 
by lymphocyte-activation gene 3) 
binds preferentially to multi- 
meric rather than monomeric 
acsynuclein (see the Perspective 
by Jucker), Subsequent endocy- 
tosis internalizes the multimeric 
a-synuclein, seeding the aggre- 
gation phenomenon in new cells. 
—PJH 

Science this issuep.1513; 

seealsop. 1488 


CANCER 
Ahistone brake 
on tumor growth 


Individual tumors consist of a 
diverse collection of cells with 
different propensities to grow 
uncontrollably. This heterogene- 
ity is often associated with the 
degree of differentiation of the 
subpopulations of tumor cells. 
Morales Torres et al. show that 
the level of a chromatin protein, 
linker histone HLO, underlies 
the variable differentiation and 
therefore the growth potential 
of cancer cell populations 
Silencing the H1.O-encoding 
gene allows tumor cells to 
self-renew, whereas inducing 
its high expression promotes 
differentiation and limits tumor 
maintenance. These findings 
suggest how modulating epigen- 
etic states might control tumor 
growth. —GR 

Science, thisissuep. 1514 
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PROTOPLANETARY DISKS 
Spiral arms ina disk 


around a young star 
Adisk of gas and dust orbits 
around young stars as they form. 
Eventually, planets can form 
in such disks. Perez et al. used 
submillimeter interferometry to 
observe the protoplanetary disk 
around the young star Elias 2-27 
(see the Perspective by Rice). 
Emission from the dust shows a 
spiral pattern within the body of 
the disk. Studying the structure 
of protoplanetary disks will help 
astronomers understand how 
young stars accrete material and 
how planets form. —KTS 

Science. this issue p 1519; 

see alsop.1492 


BIODIVERSITY 


Patterns of global 


genetic diversity 
Mapping of global biodiversity 
has been focused mainly at the 
species level; the distribution 
of underlying genetic diver- 
sity is less well documented. 
Miraldo et al. attach geographic 
coordinates to publicly available 
mitochondrial DNA sequence 
data for 4500 species of mam 
mals and amphibians (see the 
Perspective by Pereira). Genetic 
diversity is generally higher in 
the tropics than at higher lati: 
tudes and also shows patterns 
relating to the intensity of human 
activity. Specifically, amphibians 
have decreased genetic diversity 
in heavily affected regions, and 
mammals have the highest 
genetic diversity in regions with 
intermediate human impact. 
These findings pave the way for 
a deeper understanding of the 
impacts of humans on underly- 
ing patterns of fundamental 
biotic diversity. -AMS 

Science, this issue p. 1532: 

seealsop.1494 
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HIV-1 INFECTION 
Progression at 
a standstill 


Although most people that 
become infected with HIV 
develop AIDS, rare individuals 
maintain immune function in the 
presence of virus. This phe 
nomenon is also seen in natural 
hosts of the closely related 
simian immunodeficiency 
virus (SIV). Muenchhaff et al 
describe a cohort of pediatric 
HIV-1 patients that have normal 
CD4T cell counts, despite high 
viremia and lack of antiviral 
treatment. These children have 
low immune activation, including 
lower expression of chemo- 
kine receptor CCRS on central 
memory CD4T cells, similar to 
sooty mangabeys infected with 
SIV. The immune mechanisms 
described in these patients shed 
light on HIV pathogenesis, which 
may help in developing treat- 
ments. LP 

Sci. Transl, Med, 8.358a125 (2016), 


VIROLOGY 
Modeling hepatitis 
Ainmice 
Although viral hepatitis is 
a major cause of morbidity 
worldwide, scientists lack good 
‘small-animal models for study- 
ing it, especially models that 
recapitulate virus-caused liver 
pathology. Hirai-Yuki et al. report 
amouse model for infection 
with hepatitis A virus (HAV). 
HAV-infected mice lacked type 
interferon signaling, causing 
many symptoms similar to those 
of acute HAV in humans, includ- 
ing low-grade viremia and cell 
death and inflammation in the 
liver. Liver pathology depended 
on the innate immune signaling 
protein MAVS and interferon 
response factors 3 and 7. The 
use of these mice may provide 
important insights into the 
causes of viral hepatitis~depen- 
dent pathology in humans. 
—KLM 

Science. thisissuep.1541 
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SOCIAL MEMORY 
Sites and circuits 


to recognize friends 
The ability to recognize and 
memorize familiar conspecifics 
is crucial for all social animals. 
Okuyama et al, found that the 
ventral hippocampus and its 
projections to a brain region 
called the nucleus accumbens 
are necessary and sufficient for 
a specific social memory (see 
the Perspective by Saxena and 
Morris). Both the number of 
activated ventral hippocampal 
neurons and the strength and 
stability of the responding cells 
were greater in response toa 
familiar than to a novel animal. 
Engram cell identification and 
manipulation technologies 
provided strong evidence that a 
specific population of pyramidal 
neurons in the ventral hippo- 
campus holds the memory of a 
familiar animal. -PRS. 

Science. this issue p.1536 

see also. 1496 


COGNITION 
Bees have good 
moods, too 


Mood can influence our impres- 
sion of ambiguous stimu 
Perry et al. show that such 
emaotional-state biases are pres 
ent in bumblebees, a finding that 
greatly increases the breadth 
of taxa in which such emotional 
influences are found (see the 
Perspective by Mendl and Paul). 
Specifically, bees that were given 
a reward of sugar water before a 
choice between two neutral cues 
responded as though the cues 
were positive stimull. Further, 
bees given sugar water were 
more resilient in the face of a 
simulated predator attack, The 
application of a dopamine antag- 
onist eliminated these positive 
predispositions, suggesting that 
‘the mechanism is similar to that 
found in vertebrates. —SNV 
Science, thisissue p. 1529, 
see alsop.1499 
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Mapping the barriers 
to vaccination 


Common infectious diseases are 
in decline thanks to increasing 
vaccination coverage, but this is 
a vulnerable triumph: UNICEF 
reports that nearly 22 million 
children remained unvaccinated 
in 2013. A study by de Figueiredo 


A 
Socioeconomic factors and attitudinal beliefs shape worldwide vaccination rates. 
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The importance 
of variation 


he environment exerts powerful 
selective forces on species, shap- 
ing their morphology. Despite 
this, individuals within a species 
can be quite variable, suggest: 
ing that selection may not always 
operate in expected ways. Koehn et 
al. measured selection in Magellanic 
penguins at Punta Tombo, Argentina, 
over nearly 30 years. Though this 
extreme environment would seem to 
impose powerful selective forces, they 
found evidence of selection at a suite 
of traits in only 7 of those years. When 
selection was detected, primarily for 
body size, it favored larger individuals, 
Such inconsistency in the strength 
and shape of selection over time likely 
maintains important variation within 
the population overall and suggests 
that there is no clear best-adapted 
morphology in this dynamic habitat. 
—SNV 


‘Auk 10.1642/AUK-16-50.1 (2016). 


Magellanic penguins in Punto Tombo, Argentina 


et al. shows two broad indicators 
at work: one, a Suite of socio: 
economic factors, and the other, 
attitudinal beliefs. Their vaccine 
performance index calls out the 
countries that are least likely, 
based on a series of indicators, 
to meet the Global Vaccine 
Action Plan target. These 
countries are largely in sub: 
Saharan Africa and Southeast 


Asia, where poor vaccination 
coverage correlates with a lack 
of access to water, health care, 
and education. Active refusal to 
vaccinate is more likely to occur 
in European countries. CA 
Lancet Global Health 4, 6726 (2016). 


Transforming blood 


cell development 

Although the transplantation of 
hematopoietic stem cells (HSCs) 
enables many life-saving proce- 
dures, their limited availability 
prevents wider use. A better 
understanding of how they 
develop may assist in expanding 
the supply. During embryonic 
development, HSCs arise froma 
subset of endothelial cells in the 
dorsal aorta. Using zebrafish as 
a model, Monteiro et al. find that 
signaling pathways dependent 
on the protein TGFB (transform- 
ing growth factor B) drive the 
endothelial-to-hematopoietic 


transition that leads to HSC 
development, First, TGF pro: 
duced by the endothelial cells 
‘themselves programs the endo- 
thelium, and then its production 
by the notochord orchestrates 
the transition. —BAP 

Dev. Cell38, 358 (2016). 


Reflected starlight 
traces dust structure 


The diffuse interstellar medium 
(ISM) is structured on many 
scales, Studies of gas absorption 
lines have shown that structure 
persists all the way down to 
solar-system scales, contrary to 
theoretical expectations, but it 
has been unclear whether the 
solid dust particles share this 
behavior. Miville-Deschénes et 
al. studied the cirrus-like pattern 
of starlight reflecting off of dust 
grains in a nearby region of the 
ISM. They find that the dust is 
structured with a single power 
law on all the scales that they 
can probe, a sign of turbulent 
motion within the ISM driven 
by galactic feedback processes 
—KTS 

Astron, Astrophys. 593, M4 (2016). 


Tracking triplets in 
pentacene polymers 
‘Singlet fission is like a two-for- 
one sale ina solar cell: Light 
absorption populates a singlet 
state that splits into two triplet 
carriers. Key questions for 
efficient implementation of 
this phenomenon are how to 
optimize the formation of the 
triplets and then how to keep 
them apart afterward. Sanders 
et al. systematically studied 
singlet fission in oligomers 
and polymers of pentacene, a 
compound explored extensively 
for this purpose already as a 
monomer and dimer. They found 
that the fission rate gets faster 
as the pentacene chains get 
longer. though the consistently 
short lifetime of the triplet pair 
afterward is length-independent. 
—JSY 

cher’, $05 (2016). 
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Multiprocess 3D printing for 
increasing component functionality 


Erie MacDonald* and Ryan Wicker* 


BACKGROUND: Three-dimensional (3D) print- 
ing, known more formally as additive manu- 
facturing, has become the focus of media and 
public attention in recent years as the decades- 
old technology has at last approached the 
performance necessary for direct production 
of end-use devices. The most popular forms 
of standard 3D printing include vat 
photopolymerization, powder bed 
fusion, material extrusion, sheet la- 
mination, directed energy deposi- 
tion, material jetting, and binder 
jetting, each creating parts layer by 
layer and offering different options 
in terms of cost, feature detail, and materials, 
Whereas traditional manufacturing technolo- 
gies, such as casting, forging, machining, and 
injection molding, are well suited for mass 
production of identical commodity items, 3D 
printing allows for the creation of complex 
geometric shapes that can be mass-customized, 
because no die or mold is required and de- 
sign concepts are translated into products 
through direct digital manufacturing. Further- 
more, the additively layered approach enables 
the merging of multiple components into a 
single piece, which removes the requirement 
for subsequent assembly operations. Recently, 
the patents for the original 3D printing proces- 
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ses have begun to expire, which is resulting in 
a burgeoning number of low-cost desktop sys- 
tems that provide increased accessibility to 
society at large. Industry has recognized the 
manufacturing advantages of these technol- 
ogies and is investing in production systems 
to make complex components for jet engines, 
customized bodies for cars, and even 
pharmaceuticals. Although standard 
8D printing technologies have ad- 
vanced so that it is now possible to 
print in a wide range of materials 
including metals, ceramics, and poly- 
mers, the resulting structures are gen- 
erally limited to a single material, or, at best, a 
limited number of compatible materials, 


ADVANCES: For the technology to become 
more widely adopted in mainstream manu- 
facturing, 3D printing must provide end-use 
products by fabricating more than just simple 
structures with sufficient mechanical strength 
to retain shape. Recently, research has result- 
ed in the capability to use new materials with 
‘commercial 3D printers, and customized print- 
ers have been enhanced with complementary 
‘traditional manufacturing processes, an approach 
known as multiprocess or hybrid 3D printing. 
Collectively, these advancements are leading 


to fabrications that are not only geometrically 
complex, but functionally complex as well. By 
introducing the robotic placement of compo- 
nents, micromachining for intricate detail, em- 
bedding of wires, and dispensing of functional 
inks, complex structures can be constructed 
with additional electronic, electromagnetic, 
optical, thermodynamic, chemical, and electro- 
mechanical content. 


OUTLOOK: Multiprocess 3D printing is a 
nascent area of research in which basic 3D 
printing is augmented to fabricate structures 
with multifunctionality. Progress will lead to 
local manufacturing with customized 3D spa- 
tial control of material, geometry, and place- 
ment of subcomponents. This next generation 
of printers will allow for the fabrication of 
arbitrarily shaped end-use devices, leading to 
direct and distributed manufacturing of prod- 
ucts ranging from human organs to satellites. 
‘The ramifications are substantial, given that 3D 
printing will enable the fabrication of customer- 
specific products locally and on demand, improv- 
ing personalization and reducing shipping costs 
and delays. Examples could include replace- 
ment components for grain-milling equipment 
in a remote village in the developing world, 
biomedical devices created specifically for a 
patient in a hospital before surgery, and sat- 
cllite components printed in orbit, thus avoid- 
ing the delays and costs associated with launch 
operations, The automotive, aerospace, defense, 
pharmaceutical, biomedical, and consumer in- 
dustries, among others, will benefit from the 
new design and manufacturing freedom made 
possible by multiprocess 3D printing, 
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A long-exposure photo 
of the Multi3D 
Manufacturing system 
for multiprocess 3D 
printing. Two production 
3D printers are shawn 
collaboratively printing, 
with a six-axis robot for 
conveyance and post: 
process assembly. A 
central gantry in the 
background incorpora- 
tates other complementary 
manufacturing processes 
(machining, component. 
placement, wire and fol 
embedding, and direct 
write) to provide geomet: 
rically complex structures, 
combining polymers, metals, 
and active components, 
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ADDITIVE MANUFACTURE 


Multiprocess 3D printing for 
increasing component functionality 


Eric MacDonald* and Ryan Wicker* 


Layer-by-layer deposition of materials to manufacture parts—better known as three- 


dimensional (3D) printing or add 


/e manufacturing—has been flourishing as a fabrication 


process in the past several years and now can create complex geometries for use as 


models, assembly 
use of thi 


tures, and production molds. Increasing interest has focused on the 
technology for direct manufacturing of production parts; however, it remains 
generally limited to single-material fabrication, which can limit the end-use func 


nality of 


the fabricated structures. The next generation of 3D printing will entail not only the 


integration of dissimilar materials but the embedding of active component: 


order to 


deliver functionality that was not possible previously. Examples could include arbitrarily 


shaped electronics 


integrated microfiui 


thermal management and intelligent 


prostheses custom-fit to the anatomy of a specific patient. We review the state of the art in 


multiprocess (or hybrid) 3D pri 


which complementary processes, both novel and 


traditional, are combined to advance the future of manufacturing. 


raditional manufacturing is well optimized 

for mass production of identical parts but 

can involve complex assembly steps, result 

in material waste, and incur substantial 

expense for low-volume production, Three- 
dimensional (3D) printing, a technology receiv 
ing considerable attention recently for direct part 
production, allows the creation of complex geo- 
metrie shapes that can be mass-customized with- 
out a need for part-specific tooling such as dies 
or molds, Originally referred to by terms such as 
rapid prototyping, solid freeform fabrication, and 
others, this laver-by-layer fabrication methodology 
converts a precursor material in a spatially con- 
trolled manner to ereate a complex shape. As the 
technology has developed over the past three 
decades, both the spatial resolution and the di 
versity of usable materials have improved. These 
advancements have led to an inerease in end-use 
produetion of consumer, aerospace, and biomedical 
devices as industry has recognized the potential 
opportunities offered by 3D printing for improv- 
ing designs, reducing assembly requirements 
through part consolidation, and optimizing the 
manufacturing supply chain through point-of- 
use manufacturing, General Electric's chief exec- 
utive officer, Jeff Immelt, has recently stated that 
by 2020, the corporation plans to produce over 
100,000 3D-printed parts for jet engines, and 
to meet these goals, General Electric plans a 
$3.5 billion investment in 3D printing (2). Simul- 
taneously, as 3D printing patents are expiring, 
the costs of these systems are decreasing dra- 
matically, and they now are becoming acces- 
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sible to the general public. Collectively, these 
trends are leading to a democratization of man- 
uufacturing (2). 3D printing, now often referred 
to as additive manufacturing to emphasize pro- 
duction rather than prototyping (3), is evolving, 
Figure 1 illustrates the potential for fabricating 
end-use structures with embedded fluidic con- 
trol printed from a traditional single-material 3D 
printer (powder bed fusion of electron beam— 
melted titanium) (4). 

One potentially disruptive step in the evolution 
of 8D printing will be to inerease the funetion- 
ality of the manufactured components. The 3D 
printing process can be started and stopped to 
incorporate complementary fabrication processes 
or embed subcomponents manufactured using 
traditional methods; however, until recently, 3D 
printing has been generally relegated to the pro- 
totyping of single-material structures for form 
and fit evaluation (6). The next generation of 3D 
printers will enable products with multifunctional 
capabilities, including combinations of features 
not possible with a single print material, produced 
within a unified, tooling-free, multiprocess print- 
ing environment. In this context, multiprocess 
(or hybrid) 3D printing is defined as additive 
manufacturing enhanced with complementary 
processes. These complementary processes can 
include traditional manufacturing such as 
machining, cutting, dispensing, robotic placement, 
and more. This new approach represents a par- 
adigm shift in which the goal is to fabricate, in a 
nonassembly process, multifunctional end-use 
devices, potentially combining electronic, electro- 
magnetic, optical, fluidic, actuation, chemical, and 
thermal features simultaneously—all with the in- 
herent geometric benefits of 3D printing. More- 
‘over, without tooling requirements, these advanced 
8D printing technologies continue to leverage mass 
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customization (6), through which, for instance, 
sophisticated biomedical devices can now be 
fabricated for the specific anatomy of a patient. 
Figure 2 illustrates two examples of multifune- 
tional devices that highlight the possibilities of 
using multiprocess 3D printing systems: (i) a 
gaming die that includes a processor, an accel- 
erometer, and light-emitting diodes (LEDs) to en- 
hance the outcome of a roll by illuminating 
the top surface (7) (Fig. 2A) and (ti) a periodic 
spiral antenna that allows for physical patterns 
of conductors and dielectrics with unpreceden- 
ted geometries, which will inevitably provide 
new levels of performance in next-generation 
antennas (Fig. 2B), 

In this Review, we provide an overview of 
current 3D printing technologies, diseuss advances 
and limitations in multiprocess 3D printing spe- 
ally with respect to multifunctionality, and 
describe a number of functionalities that have 
been investigated and enabled by 3D printing, 
Limited only by the readers’ imaginations, the 
innumerable design opportunities provided by 
this manufacturing technology cannot effective- 
ly be covered in this Review for all applications 
‘of multifunctional printing (such as organ print- 
ing), and the included examples only serve to 
highlight the potential and motivate further 
advances. 


Fig. 1 Example of 3D-printed multifunctionality 
achieved with commercially available 3D printing 
technology. Shown is a pneumatically controlled 
prosthetic hand fabricated in titanium by using a 
powder bed fusion 3D printing technology known 
as electron beam melting (4). [Photo courtesy of 
Oak Ridge National Laboratory] 


VoL sss Issue 6307 aaf2093-1 


jence.sciencemag.org/ on October 7, 2016 


Downloaded from http:// 


RESEARCH | REVIEW 


Multifunctional fabrication processes 
‘The cornerstone of 3D printing is the layer-by- 
layer fabrication methodology, which allows 
manufacturing flexibility with the provision of 
interrupting the process to leverage complemen- 
tary processes. The ASTM (American Society for 
‘Testing and Materials) F42 subcommittee was 
established in 2009 (8) to provide standards for 
common terminology, testing methods, and file 
formats, among other concepts for additive man- 
ufacturing, and has identified a taxonomy of sev- 
en basie 3D printing processes. 

1) Vat photopolymerization is a process in- 
volving a vat of liquid photo-curable polymer 
that is selectively cured with an energy source 
such as a laser beam or a lamp with a projec- 
tion system, The fabricated part is typically ere- 
ated layer by layer on a platform that descends 
after selectively curing each layer. 

2) Material extrusion is a process in which 
material is selectively dispensed through an ex- 
trusion nozzle. The most common materials used 
are thermoplasties requiring heated extrusion. 
‘The process generally includes layer-by-layer fab- 
rication with a movable platform and/or extruder, 

38) Powder bed fusion involves selectively fusing, 
regions of powder in a bed using a thermal en- 
ergy source such as a laser or electron beam. A 
platform supporting the bed descends by a lay- 
er thickness, and a rake or roller dispenses ad- 
ditional powder to create the next layer, 

4) Binder jetting selectively dispenses a binder 
to join powder feedstock in a bed supported by a 
platform, As in powder bed fusion, the platform 
descends by a layer thickness, and a rake or roller 
dispenses additional powder. Most parts require 
postprocessing with an infitrant and a furnace eye. 

5) Material jetting selectively deposits drop- 

lets of the build material, which are typically 
photo-cured. Deposition and curing are repeated 
for all layers, 
) Sheet lamination is a process in which in- 
dividual sheets of material are bonded together 
to form a structure, typically requiring machining 
or cutting between layers to accurately form the 
2D shape for each particular layer. 

7) Directed energy deposition directs both a 
material deposition (typically wire or powder) 
and an energy source (typically a laser or an 
electron beam) at the surface being built 

Each of these processes stands to benefit from 
enhancements enabling the printing of structures 
with increased functionality. The earliest reported 
research in the 1990s leveraged the layered tech- 
nique of 3D printing by interrupting the process 
to integrate functional components and conduc- 
tive traces within a structure (9). Kataria and 
Rosen enhanced vat photopolymerization with 
inserts (10), and Lopes et ai. dispensed conduc- 
tive inks to manufacture electronies with antennas 
built directly into solid polymer structures (11. 
Ultrasonic consolidation, a sheet lamination pro- 
cess, creates metal components by ultrasonically 
bonding a sheet of metal foil to a previously de- 
posited sheet. A machining process using an end 
mill renders the required geometry and follows 
the bonding. ‘Thus, 2D sheets are essentially 
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Fig. 2. Examples of multifunctional 3D-printed products only possible with multiprocess 3D 


spiral antenna, [Image courtesy of Draper Labs] 


A 


printing. (A) A gaming die with an embedded processor and accelerometer. [From (7)] (B) A 3D periodic 


Fig. 3. Examples of printed structures from Voxel8. (A) X-ray micrograph of a quad copter drone. (B) 
Printed electrical interconnection. [Photos courtesy of Voxel8] 


stacked together to provide a 3D part fabricated 
with two processes—an early example of multi- 
process 3D printing. Robinson e¢ al, interrupted 
the ultrasonic consolidation process to insert 
simple circuits through the combination of ma- 
terial extrusion with both thermoplastic and con- 
ductive ink (12). Using the material extrusion 3D 
printing technique, Malone et al. demonstrated a 
circuit and clever electromechanical applications 
by using an open-source fabrication system that 
dispensed multiple materials, including condue- 
tors and dielectries (13). Navarrete et al. described 
enhancements to a vat photopolymerization pro- 
‘cess that introduced microchannels into the sub- 
strate to guide and contain curable conductive 
fluid, which was microdispensed to leverage the 
minimum feature size of the laser-curing pro- 
cess (14). Conductive trace spacing was thus 
controlled by the precision of the laser beam, 
rather than the secondary dispensing process, 
illustrating the symbiotic benefit of a compound 
process over either process acting alone. 
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Multifunetionality in additive manufacturing, 
ean be defined broadly as the introduetion of 
any additional functionality beyond rendering 
a basic shape. Multiple colors and densities ean 
be graded throughout a structure, for example, 
which qualifies as multifunetionality (albeit min- 
imally), and these structures can be fabricated 
with various forms of standard commercial 3D 
printing. In fact, processes capable of multiple 
colors have been commercially available for years 
(15-20). Other examples of multifunctionality with 
‘commercial 3D printers include mechanical meta- 
materials that induce negative stiffness to dampen 
vibrations and reduce cabin noise (21) or that allow 
pneumatic actuation, as shown in Fig. 1. Related 
but not identical to multifunctional 3D printing, 
multiprocess 3D printing—the collaborative use 
of multiple processes—often but not necessarily 
results in multifunctional devices, A counter ex- 
ample is a single-material metal structure printed 
additively and then machined subtractively with- 
in a single gantry for the sole purpose of improving 
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Fig. 4. Cross-sectional view of a 3D-printed polycarbonate substrate with structurally integrated 


36-gauge (1271m-diameter) copper wire. 


the surface finish. Although commercially available 
8D printers are capable of printing structures with 
more than one function, this Review specifically 
focuses on multiprocess 3D printing for multi- 
functional devices. 

‘The fabrication of most (but not all) multi- 
functional structures requires processing with 
multiple integrated technologies, including the 
combination of 3D printing with other eomple- 
‘mentary processes to provide or improve spatial 
control of material, geometry, and functionality, 
‘These additional manufacturing capabilities ean 
embed components, wires, batteries, antennas, 
and other subcomponents. The introduction of 
electrical and thermal interconnects allows for 
subsystem communication or the delivery of en- 
ergy or heat across a structure, Conductive inks 
and pastes have been used in conjunction with 
2D printing, given the manufacturing flexibility 
of direct writing (eg, the ability to print co 
formally, no tooling required), and the combin: 
tion has been investigated for over a decade with 
microdispensing (22-25), ink jetting (26-30), 
and aerosol jetting (21). Generally, the inks have 
been dispensed onto external surfaces of finished 
structures, but only a limited number of exam- 
ples have involved interrupting and re4nitiating 
3D printing process to fully embed intercon- 
nect capability, Conduetive inks have improved 


Movie 1. Multiprocess 3D printing. 
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over the past two decades but still suffer from 
high resistance relative to traditional printed cir- 
cuit boards created with a bulk copper plating 
process. Higher resistance conductors result in 
performance reductions with voltage drops and 
power loss, and reliability remains an additional 
concern (32). Low-temperature metal alloys have 
been printed with modified thermoplastic extru- 
sion heads (33) and through injeetion into poly- 
mer structures (34) to provide interconnection 
with improved conductivity relative to inks. Al- 
though these alloys tend to have higher eondue~ 
tivity relative to conductive particle-loaded inks, 
interconnection continues to disappoint in com- 
parison with bulk plated copper used in traditional 
electronics. The use of laser direct structuring to 
allow for selective plating on 3D printed substrates 
thas been demonstrated, provides bulk properties, 
and is an exciting development, but it does require 
an additional chemical bath process (35). 
‘Astartup company from the Lewis group at 
Harvard, Voxel8, has announced the first low- 
cost commercial 3D printer combined with a 
pneumatic ink dispenser for creating conductive 
interconnects in 3D printed structures. ‘The ink 
is printed and cured at room temperature, provid 
ing substantial manufacturing benefits and flexi- 
(96). Self-supporting, the ink can bridge 
internal cavities within structures and is dis- 
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pensed through a 250-um nozzle, which is well 
within the spatial precision required by the ma- 
jority of traditional electronie components. When 
a printed trace extends to a pin of a chip, an 
electrical connection forms without the require- 
ment of high-temperature soldering. An exam- 
ple cireuit is shown with an x-ray image of a 
drone copter in Fig. 34, along with an example 
of a modern surface mount chip with connec- 
tions (0.8-mm pin piteh thin quad flat pack) in 
Fig. 3B. However, the process involves a higher 
resistivity of 50 x 10-* ohim-m (as opposed to bulk 
copper at 1.68 x 10* ohm-m), but it nevertheless 
provides the first example of an economical 
desktop 3D printer specifically for electronics (37). 

‘The W. M. Keck Center for 3D Innovation at 
the University of Texas at El Paso has produced 
3D-printed electronic cireuits since as early as 
2004 (38) and was recently named a Satellite 
Center of America Makes, a federal public-private 
partnership focusing on additive manufacturing, 
and based in Youngstown, Ohio, Recently, the 
3D devices produced by the group have featured 
interconnects that can compete directly with 
traditional electronics in terms of cost and per- 
formance, enabled through the use of structur- 
ally embedded wires and foils within 3D-printed 
thermoplastic structures. Metal filament is selec- 
tively heated and in situ submerged flush with 
the top surface of the thermoplastic structure 
uring a print interruption, Because the embed- 
ded wires are available in a wide range of diam- 
eters ranging from 80 jrm or smaller to virtually 
any larger size, the fabrication of geometrically 
elaborate structures can incorporate small intri- 
cate routing patterns or large high-power circuits. 
‘Onee the wires are integrated, the substrate re- 
mains planar, and subsequent 3D printing can 
continue uninhibited. Figure 4 shows 36-gauge 
(127-um-diameter) wires embedded in a poly- 
carbonate structure that was printed with a ma- 
terial extrusion printer (Stratasys Fortus 400me). 
‘Movie 1 illustrates the hybrid process as two 3D 
printers collaboratively create a multimaterial 
structure in combination with a gantry, which 
provides complementary processes such as wire 
embedding or micromachining for fine detail. 
‘The blue six-axis robot acts as conveyance to 
transport the build chamber between manufac- 
turing stations and can be used for postprocess 
assembly if required. The embedded wires origi- 
nally intended to afford high-performance electric- 
al interconnection also provide the serendipitous 
benefit of increased mechanical strength, because 
they make the structure a reinforced composite 
ike rebar in concrete). This process can render 
3D-printed plastic structures that are stronger 
than those fabricated with traditional injection 
molding and helps eliminate the anisotropic 
strength differences that can compromise 3D- 
printed structures (eg., weakness between added. 
layers, so-called z-strength weakness in the vertical 
or z direetion) (29). 

Another example of robotic multiprocess ad- 
ditive manufacturing has been integrated with 
this same wire-embedding technology. The system, 
called the multirobotie cluster and intended for 
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large-area manufacturing, includes two six-axis 
robots to respectively implement additive and sub- 
tractive processes (40) and is enhanced with a tool 
exchanger to implement thermal wire embedding 
during print interruptions, One important con- 
tribution of the multirobotie cluster is enabling 
8D printing of parts larger than the machine itself, 
exceeding the size constraint imposed by nearly all 
AD printing machines to date, as well as enabling 
conformal 3D printing. 


Comparison with 
traditional manufacturing 


With 3D printing as a foundation, multiprocess 
additive technologies generally suffer from lower 
throughput when compared with traditional meth- 
ods, However, new 3D-printed geometries are now 
possible, and additive manufacturing has its own 
advantages; for example, the elimination of tool- 
ing allows mass customization through which 
each production part can be personalized, and 
the amount of labor required is reduced by 
the nonassembly methodology. The mechanical 
performance of the structures produced by some 
of the additive processes struggles in the area of 
anisotropie strength; however, more recent tech- 
nologies, and particularly the powder bed fusion 
of metals by means of lasers or electron beams, 
provide many equivalent properties of traditional 
cast and even wrought materials (4), motivating 
General Electric to use these systems to produce 
Federal Aviation Administration-approved parts. 

Interconnect performance metries in electron- 
ies include routing density, conductivity, dielectric 
strength, dielectric permittivity, dielectric loss, 
and general reliability. Ink-based traces on 
polymer substrates can be fabricated with equiv- 
alent routing density relative to traditional printed 
cireuit boards but, at least to date, at the & 
pense of lower conductivity, Routing densities 
are competitive, with microdispensing of line 
widths below 10 ym (22), ink jetting widths as 
low as 25 um (26), aerosol jetting traces as small 
as 10 um (31), laser direct structuring defined 
by a laser beam width and reported at less than 
100 xm (42), and structurally embedded wires as 
thin as 80 jxm (38). All of these approaches have 
routing densities at or approaching that of the 
state-of-the-art printed cireuit board, which for 
comparison is typically around 50 um. A hypo- 
thetical example of conductivity highlights the 
importance of this parameter to electronies, If 
an ink-etted trace is required to deliver a typical 
100 ma of electric current to a motor through a 
printed connection with a width of 250 um, 
thickness of 10 um, and length of 100 mm, the 
total resistance would accumulate to ~16 ohms 
for an ink with 40 x 10° ohm-m resistivity. The 
‘motor would receive a voltage degraded by 1.6 volts, 
reducing performance, Comparatively, bulk copper 
(eg, a similar trace on a printed circuit board, 
structurally embedded wires, or laser direct strue- 
turing) would deliver a resistance less than 1 ohm, 
Beyond conductivity, the dielectric performance of 
D-printed substrates, particularly polyearbonate 
and polyetherimide, are close to the levels of 
traditional electronics (eg, FR# laminates), with 
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reasonable permittivity, loss tangent (43), and 
diclectrie strength (44). Reliability remains rela- 
tively unknown for all of these 3D interconnect 
processes because of the lack of manufacturing 
history compared with the much older tradi- 
tional electronics industry. 


Printable and embeddable function 
For decades, additive processes have been used 
to achieve complex geometric shapes, which of 
ten serve as physical models and prototypes for 
a range of applications, However, in the past 
decade, specific features that go beyond simple 
mechanical functionality have been produced by 
a growing number of researchers, generally by 
printing or embedding using multiple processes. 
Printable functions beyond those provided by basic 
‘3D printing include sensing, transducing, thermal 
‘management, electromagnetic, energy storage, and 
propulsion utility, as described in this section. 
Sensors 

In terms of embedding sensing into 4D-printed 
structures, considerable research has focused on 


A 


compatible hydrogels (45), and Van Tiem et al. 
printed an angular accelerometer (46). Other sen- 
sors such as cameras, infrared LEDs (47), ac 
celerometers (7), pressure sensors, dust sensors, 
and bioelectrical sensors (48) have been inserted 
Gireetly into designated cavities during fabrication. 

Optical sensing of motion has been imple- 
mented in structures with material jetting at 
Disney Research (47). Inexpensive infrared diodes 
can radiate and measure reflections in the trans- 
lucent 3D-printed walls of an enclosure. Inte- 
grating the sensors into the overall structure 
simplifies sensing and improves volumetric ef- 
ficiency; however, the proposed opties require a 
sufficiently transparent structure possible only 
with liquid-based processes in 3D printing, such 
as vat photopolymerization or material jetting. 
Based on photo-curable polymers, these tech- 
nologies can provide sufficient clarity to serve 
as light guides but are also constrained by the 
limitations of photochemistry and the layered 
fabrication process. The translucence can de- 
grade over time in photo-curable polymers be- 
‘cause cross-linking continues after fabrication, 


Fig. 5, 3D-printed tactile sensors. (A) A stretchable touch sensor, [From (60)] (B) A capacitive touch 


sensor. [From (62)] 


either (?) embedding a sensor directly into printed 
structures during a process interruption or (ii) 
printing the entire sensor intrinsically into the 
structure. The integration of sensing into cus- 
tomized complex geometries is beneficial for 
many applications—examples of which could 
include patient-specific biomedical devices capa- 
ble of measuring comfort in prostheties, optimized 
control of temperature and pressure in elaborate 
jet turbines, and motion contro! in tailor-shaped 
roboties, to name just a few—and may be useful 
for many more not yet conceived. Sensing tends 
to be concentrated into four areas: tactile, mo- 
tion, vision, and hearing. Of these, tactile sensing 
is well suited for 3D printing and has dominated 
research efforts. The other three sensing catego- 
ries tend to be implemented by integrating tra- 
ditional commercial off-the-shelf components into 
3D-printed structures through robotic or man- 
ual insertion, However, in the case of acoustics, 
Mannoor et al. printed a functional microphone 
in the form and feel of a human ear with bio- 
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However, a possible alternative is to interrupt 
the printing process (of virtually any 3D print- 
ing technology) and to insert transparent com- 
ponents (glass or optical fiber) into the structure. 
‘The work at Disney described many derivative 
sensing techniques such as (i) displacement with 
a flexible light guide mounted below the surface 
of a device, (fi) pressure sensing in which the 
application of linear foree displaces a light guide, 
ii) rotation with a screw dial altering a wave- 
guide, and (jv) linear motion with a mechani 
slider altering a light reflection path. 
‘Vataini et al. presented compliant tactile sen- 
sors produced by using a conformal microdi 
pensing system to create a stretchable matrix of 
piezoresistive traces, the intersections of which 
provided information about the location of an 
applied force (49). Nanocomposite traces were 
printed within a skinlike structure that was it- 
self fabricated by 3D printing. The piezoresisti 
sensing material was created by uniform mixing 
‘of multiwalled earbon nanotubes into a polymeric 
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Fig. 6 A 3D-printed Li-ion battery. [From (70)] 


matrix. Conduetive networks were formed inside 
the polymeric matrix, and external forces deformed 
the network, increasing contact between nano- 
tubes, and thus the resistance was modulated, 
Similarly, Muth et al. reported creating highly 
stretchable sensors by 3D printing of a earbon- 
based ink within an elastomer structure (50). The 
stretchability was well suited for strain gauge 
measurement. The sensor is shown in Fig. 5A. 
Hossain et al. included high-temperature-olerant 
piezoelectric sensors in a metal structure during a 
pause in the powder bed fusion process, in which 
the build temperatures are typically above 600°C— 
a temperature that severely limits the type of 
components that can survive insertion during 
fabrication (51). 

Capacitive touch sensing has been demon- 
strated by Shemelya et a. (52). Wire or wire 
mesh was submerged into 3D-printed thermo- 
plastie structures to act as a single capacitive 
plate of a touch sensor, in which changes in 
capacitance could be readily measured indirectly 
through the frequency of a simple oscillator. A 
modification in the electric field would indicate 
the presence of new material in the vicinity (Fig. 
5B). The integration of single-sided capacitor plates, 
can be used for custom SD grip detection, key- 
boards, and even microfluidic sensors capable 
of detecting the presence and type of material 
flowing through structure capillaries. 


Actuation 
Several forms of mechanical actuation, from 
simple retraction to fully functional rotational 
motors, have been demonstrated. Richter and 
Lipson used vat photopolymerization to create 
bio-inspired flapping wing insects (53). Sev- 
eral groups have created prosthetic hands with 
embedded external motion (4, 54, 55). In (56), 
the ability to produce sound with 3D-printed 
speakers, including for entertainment, was de- 
scribed. By embedding wires coaxially into extru- 
ded dielectric filament, Saari et al. printed coils 
as the basis for producing speakers with a tight 
cylindrical configuration that was coaxially iso- 
lated (57), providing increased magnetic coupling; 
however; this isolation limits the applicability for 
more complex topologies necessary for general 
interconnection (e.g, multilayered printed cireuit 
boards). Aguilera et al. described the fabrication 
of a high-power (>25 W) electromechanical de- 
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vice (a rotational motor) through a nonassembly 
additive build sequence based on a material 
extrusion printer (58). With high-performance 
conductors (solid copper wires) embedded di- 
rectly into the printed substrate, coiled electro- 
‘magnets were integrated in an external stator. 
‘Two bearings introduced at the top and bottom 
of a rotor ereated a mechanical circuit with an 
internal structure that could rotate freely. The 
typical requirement for water-soluble support 
material for internal cavities had to be elim- 
inated because this support is incompatible with 
embedded electronics, given that water-sensitive 
circuits would be required to be submerged to 
remove the support. Consequently, design fea- 
tures were limited to inclines of less than 45° 
from vertical to minimize overhanging struc- 
‘ures and allow the two independent mechanical 
structures to be constructed without intermedi- 
ary support. Movie 2 is a time-lapse video of the 
fabrication of an original proof-of-concept print, 
and although the intervention was manual, this 
video highlights a potential application of multi 
process printing providing multifunctionality. 
In this 5-hour process (shown in time lapse in 
under 1 min), component and wire embedding 
were completed by hand to demonstrate the 
potential of a fully automated fabrication system 
under development. With the inclusion of an en- 
ergy souree, the possibility exists of fabricating a 
motorized robot capable of walking or flying out 
of the 3D printer on completion. 


Thermal management 


Given the design freedoms afforded by 3D print- 
ing, advanced geometrically complex heat ex- 
changers have been explored by researchers for 
years. Metal 3D printing systems have been used 
to fabricate complex large-surface-area structures 
with high thermal conductivity (69) for applica- 
tions such as fluidic heat transfer devices (60), 
‘3D-printed plastic injection molds (60, and even 
thermonuclear reactors (62). As multiprocess 3D 
printing advanees, thermal management appli- 
cations will as well, including advanced designs 
with embedded heat pipes and reservoirs of phase 
change material, leading to improved thermal 
management in 3D structures 


Energy storage 

At present, contemporary battery manufacturing 
can provide custom-shaped lithium ion batteries, 
which are well suited for providing an energy 


a multiplane patch antenna (71). 
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source in an arbitrary shape to improve volu- 
metric efficiencies in assemblies, but these bat- 
teries are confined to high-volume production 
with expensive molds. Research is ongoing to 
enable the printing of batteries with program- 
mable shapes, but the energy density is orders 
of magnitude less than that of contemporary 
‘commercial batteries, and the long-term reliabil- 
ity is untested. Several groups have printed bat- 
teries with roll-to-roll manufacturing (63-66). 
‘The research does not necessarily project to the 
full 3D geometries; however, sheets may be suf- 
ficiently flexible to be rolled or folded. Another 
option for energy sources in the context of 3D 
printing is to robotically insert traditional bat- 
teries as components during the 3D print, but 
an obstacle is that many of the printing pro- 
‘cesses tse high-temperature build envelopes. Be- 
‘cause most batteries have high energy densities, 
they have a dangerous sensitivity to temper- 
ature, as a result of which they could potentially 
become unstable (67). Consequently, combining. 
‘component batteries into 3D-printed structures 
is often not possible unless confined to post- 
processing assembly steps or low-temperature 
3D printing processes, such as binder jetting or 
vat photopolymerization. MacDonald et al. in- 
cluded commercial batteries during postprocess- 
ing (7). Polymer caps were printed to cover the 
battery after insertion into the structure, and a 
low-temperature chemical process welded the 
plastic cap. A micro-USB (universal serial bus) 
plug and charging circuit were included to al- 
low for the recharging of a test coupon, which 
was intended for space flight qualification for 
a project with the NASA Glenn Research Center. 
Another option is to embed ultra- or supercapacitors 
into the structure, which are far less sensitive to 
temperature in comparison with the chemical 
storage techniques (68). 

Malone et al. reported a 3D-printed batteries 
(Zn-ait), providing an early example of the com- 
bination of 3D-printed structures and energy 
storage (69). 3D-printed Li-ion batteries have 
been preliminarily demonstrated with high-aspect- 
ratio interdigitated anodes encapsulated within 
an electrolyte solution, as shown in Fig. 6 (70). 
"The aspect ratios of the patterned microelectrodes 
‘were as high as 11 (height to width) for 16-layer 
electrode walls. The printed array was cured to 
600°C to remove binder and sinter the nano- 


particles. This temperature would preclude the 
integration of the process with thermoplastic 


Fig. 7.30-printed antenna structures. (A) A cylindrical patch antenna, (B) an Archimedes antenna, (G) and 
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8D printing; however, batteries could 
be printed in custom, arbitrary shapes 
as a separate process and then in- 
serted within a specific 3D-printed 
structure after sintering. The most 
difficult challenge for realization is, 
related to energy density, because at 
present, printed batteries provide or- 
ders of magnitude less energy den- 
sity than traditional batteries 


Antennas and 
electromagnetic structures 


The rising interest in 3D printing 
technology is resulting in rethink- 
ing of traditional approaches for the 
design and manufacture of anten- 
nas and electromagnetic devices 
Several groups have used multi- 
process JD printing technology to 
embed conduetors such as conduc 
tive wires, meshes, and metallic 
foils in order to provide full spatial 
control of dielectric and conductive 
structure (71-74) (Fig. 7). The abil- 
ity to arbitrarily fabricate structures, 
with a complex network topology 
of interwoven dielectric compo- 
nents and conductors is enabling 
a new class of 3D-printed antennas 
that ean provide multiple frequency 
bands or maintain a small phy 
cal footprint while potentially out- 
performing traditional antennas. 
‘The dielectric materials used in 
these processes can have generally 
reasonable radio frequency (RF) per- 
formances with low loss tangents and, in some 
cases, can be tailored with the inclusion of high- 
permittivity additives. Furthermore, these antennas 
can be integrated seamlessly in the overarching 
‘mechanical structure (in the nase cone of a plane, 
for instance) to save volume, and they provide the 
serendipitous benefit of improving the mechan- 
ical strength of the device by virtue of being a 
composite structure—demonstrating true multi- 
functionality. One aspect of 3D printing that has 
a profound impact on antenna design is the 
ability to spatially vary the density of a structure 
with intentional porosity and thus functionally 
grade the permittivity and permeability. ‘These 
gradients can enable electromagnetic transitions 
through material interfaces to minimize reflec- 
tions or allow for seulpting of RF waves (75, 76). 
However, one challenge with 3D-printed electro- 
magnetic devices is the reduction in permittivity 
resulting from the well-known and unintentional 
porosity inherent in thermoplastic 3D printing 
processes (43). 


Propulsion 
Interest printing of space vehicles and 
satellites has grown in the past decade as a 


result of NASA’s encouragement of the use of 
SD printing for structures suitable for space and 
orbit (77-79). In addition, the National Academy 
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Movie 2. Time-lapse video of the fabrication of a 3D-printed motor. 


Movie 3. 3D-printed propulsion. Shawn are Busek electro-pulsed plasma 
thrusters integrated into a 3D-printed structure and ignited by high voltages (82). 


the utility of 3D printing in space (80). Propul- 
sion is a specialized case of actuation and is 
particularly relevant to NASA and motion in 
space. The use of metal printers to fabricate rock- 
cet thrusters for spacecraft was reported in (81). 
Presently, CubeSats are generally free-floating, 
low-cost satellites used in inexpensive university 
space science and often constructed with off-the- 
shelf components. These satellites often are 
launched parasitically and can use magnetic 
torque rods or momentum wheels if attitude con- 
trol is required, but these generally consume a 
large fraction of precious space in the volume- 
limited format of CubeSats. Although various 
electric propulsion concepts are available, micro- 
pulsed plasma thrusters (uPPTS) offer tight inte- 
gration, long shelf life, and survivability in the 
high fabrication temperatures of 3D printing 
build chambers. Additionally, because 3D-printed 
polymers provide appropriate dielectric strength 
and recently available copper wires have suffi- 
ciently low resistance, Marshall et al. were able 
to demonstrate this form of propulsion by deliver- 
ing high voltages (over 1000 V) in 3D-printed test 
‘coupons to ignite uPPTs (62). This example mani- 
fests the utility of multiprocess 3D printing with 
wire and component placement, substantially 
benefitting the manufacturing of space com- 
ponents and vehicles. Movie 3 shows a series of 
jgnitions in an evacuated bell jar: 
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Conclusions and outlook 
Multiprocess (or hybrid) 3D printing, 
where complementary processes are 
combined to advanee manufacturing 
by increasing the functionality of fab- 
ricated components, has been the 
focus of this Review. As 3D printing 
continues to advanee, the next gen- 
eration of printers will fabricate not 
just dissimilar materials but structures 
with embedded and interconnected 
active components to provide func- 
tionality that was not possible pre- 
viously. The progress thus far has 
illustrated the potential for leveraging 
multiprocess 3D printing to provide 
a broad base of capabilities necessary 
for customized end-use production. 
For multifunctional additive manufac- 
turing to become an economic reality, 
however, substantial hurdles must be 
‘overcome in a number of areas: (i) 
material enhancements, including for 
mechanical performance; (i) the diver 
sity of materials available in terms of 
characteristics such as flexibility or 
thermal and electrical conductivity; 
(iii) improved material interfacial per- 
formance to ensure the reliability of 
structures composed of multiple ma- 
terials; iv) computer-aided design and 
‘computer modeling to optimize the 
‘complex geometries and performance 
possible when working with dispar 
ate content simultaneously (e.g, 
mechanical and electrical features 
fabricated concurrently); (v) proc- 
ess feedback control, which is widely absent in 
most contemporary printers and will become 
even more necessary in the context of multiple 
interacting processes required for fabrication of 
aerospace-grade or biomedical devices; and (vi) 
development of the manufacturing hardware and 
software necessary for a wide range of complemen- 
tary technologies to collaborate with 3D printers in 
order to fabricate fully multifunctional devices, 
‘The required investment has begun, notably in 
the federal public-private initiative on manufac~ 
turing and the resulting America Makes program, 
which is focused on many of the challenges facing 
3D printing technologies. Similar investment from. 
industry and government will need to grow in 
order to fully leverage the advantages made pos- 
sible by this next generation of manufacturing, 
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INTRODUCTION: Parkinson's disease (PD) is 
the second most common neurodegenerative 
disorder and leads to slowness of movement, 
‘tremor, rigidity, and, in the later stages of PD, 
cognitive impairment. Pathologically, PD is char- 
acterized by the accumulation of a-synuclein 
in Lewy bodies and neurites, There is degen- 
eration of neurons throughout the nervous sys- 
tem, with the degeneration of dopamine neurons 
in the substantia nigra pars compacta leading 
to the major symptoms of PD. 
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RATIONALE: In the brains of PD patients, path- 
logic a-synuclein seems to spread from cell to 
cell via self-amplification, propagation, and trans- 
mission in a stereotypical and topographical 
pattern among neighboring cells and/or ana- 
tomically connected brain regions. The spread 
or transmission of pathologic w-synuclein is 
‘emerging as a potentially important driver of 
PD pathogenesis. The underlying mechanisms 
and molecular entities responsible for the trans- 
mission of pathologic a-synuclein from cell to 
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LAGS deletion or antibodies to LAG3 delay a-synuclein PFF transmission. Compared with wild 
type neurons, binding and endocytosis of a-synuclein PF is dramatically reduced with antibodies 
to LAG3 or when LAGS is deleted, resulting in delayed pathologic a-synuclein transmission and 


toxicity. 
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cell are not known, but the entry of pathologic 
ccsynuclein into neurons is thought to occur, 
in part, through an active clathrin-dependent 
endocytic process, 


RESULTS: Using recombinant a-synuclein pre- 
formed fibrils (PFF) as a model system with 
which to study the transmission of misfolded 
ce-synucein from neuron to neuron, we screened. 
a library encoding transmembrane proteins for 
ccsynuclein-biotin PFF-binding candidates via 
detection with streptavidin-AP (alkaline phos- 
phatase) staining. Three positive clones were 
identified that bind a-synuclein PFF and in- 
dludelymphocyte-activation 
gene 3 (LAGS), neurexin 1p, 
and amyloid B precursor- 
like protein 1 (APLP1). Of 
‘these three transmembrane 
proteins, LAG3 demon- 
strated the highest ratio 
of selectivity for a-synuclein PFF over the 
ce-synuclein monomer. «-Synuclein PFF bind 
to LAGS in a saturable manner (dissociation con- 
stant = 77M), whereas the a-synuclein monomer 
does not bind to LAG3. Co-immunoprecipitation 
also suggests that pathological «-synuclein PFF 
specifically bind to LAGS. Tau PFF, f-amyloid 
oligomer, and f-amyloid PFF do not bind to 
LAGS, indicating that LAG3 is specific for a- 
synuclein PFF. The internalization of o-synuclein 
PFF involves LAG3 because deletion of LAGS 
reduces the endocytosis of a-synuclein PFE, LAGS 
colocalizes with the endosomal guanosine tri- 
phosphatases Rab5 and Rab7 and coendocytoses 
with pathologic a-synuclein, Neuron-to-neuron 
transmission of pathologic a-synuclein and the 
accompanying pathology and neurotoxicity is 
substantially attenuated by deletion of LAG3 or 
by antibodies to LAG3. The lack of LAGS also 
substantially delayed o-synuclein PFF-induced 
loss of dopamine neurons, as well as biochem- 
ical and behavioral deficits in vivo. 
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Read the full article 
at http://dx.dot 
org/i0.1126/ 
ssclence.aah3374 


CONCLUSION: We discovered that pathologic 
ccsynuclein transmission and toxicity is ini- 
tiated by binding to LAGS and that neuron-to- 
neuron transmission of pathological a-synuclein 
involves the endocytosis of exogenous a-synuclein 
PEF by the engagement of LAG3 on neurons. 
Depletion of LAG3 or antibodies to LAGS sub- 
stantially reduces the pathology set in motion 
by the transmission of pathologic c-synuclein. 
‘The identification of LAGS as an a-synuclein 
PFF-binding protein provides a new target for 
developing therapeutics designed to slow the pro- 
gression of PD and related o-synucleinopathies. ® 
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Emerging evidence indicates that the pathogenesis of Parkinson's disease (PD) may be 


due to cell-to-cell transmi 


in of misfolded preformed fibrils (PFF) of a-synuclein (a-syn). 
The mechanism by which a-syn PFF spreads from neuron to neurot 


not known. Here, we 


show that LAG3 (Iymphocyte-activation gene 3) binds a-syn PFF with high affinity 


(dissociation constant = 77 nanomolar), whereas the a-syn monomer ex\ 
iotin PFF binding to LAG3 initiated a-syn PFF endocytosis, transmission, 


binding. a-Syn- 


ited minimal 


and toxicity. Lack of LAG3 substantially delayed a-syn PFF-induced loss of dopamine 


neurons, as well as biochemical and behavioral defici 


in vivo. The identification of 


LAG3 as a receptor that binds a-syn PFF provides a target for developing therapeutics 


designed to slow the progression of PD and related a-synucleinopat! 


arkinson’s disease (PD) is the second most 

‘common neurodegenerative disorder and 

is characterized clinically by motor dysfunc- 

tion and pathologically by the aggregation 

and accumulation of a-synuclein (o-syn) 
(1-3). Emerging evidence suggests that a-syn spreads 
from neuron to neuron via selamplification, 
propagation, and transmission in the pathogen- 
esis of PD (4-6). In the brains of PD patients, a-syn 
aggregates seem to spread in a stereotypical and 
topographical pattern (7, 8). Postmortem exam- 
ination of fetal grafts in patients with PD found 
ce-syn-positive Lewy bodies, which is suggestive 
of spread of a-syn from host to graft (9, 10). Other 
proteins such as f-amyloid and tau in Alzheimer's 
disease are also thought to propagate and spread 
and contribute to the onset and progression of 
these disorders (1/, 12). Pathological a-syn has 
been shown to spread among neighboring cells, 
and/or anatomically connected brain regions, 


Recently recombinant «-syn preformed fibrils 
(PFF) provide a model system that enables the 
study of the transmission of misfolded o-syn from 
neuron to neuron both in vitro (13) and in vivo 
(14), How pathological c-syn exits cells and trans- 
mits to neighboring neurons is not known, but 
thought to oceur, in part, 
through an active clathrin-dependent endocytic 
process (15-17) 


Identification of u-syn 
PFF-binding proteins 


Mouse a-syn was synthesized and conjugated to 
biotin (a-syn-biotin) and then aggregated over 
7 days followed by sonication to form a-syn PFF 
of relatively uniform size (18). We used size ex- 
clusion chromatography to separate a-syn PEF 
from «-syn monomers (fig, SIA). We validated re- 
combinant o-syn-biotin monomers and a-syn PFF 
with immunoblot analysis (fig. SIB). We examined 


«-syn-biotin monomers and PFF by means of 
atomic force microscopy (AFM) and transmission 
electron microscopy (TEM). a-Syn-biotin mono- 
mers exhibited no regular structure, whereas o-syn- 
biotin PFF exhibited short fibrillar structures 
(fig. S1, Cand D), We then sought to investigate 
the interaction between extracellular o-syn and 
neurons. c-Syn-biotin PFF binds to cortical neu- 
rons as detected with streptavidin-AP (alkaline 
phosphatase) staining (19-21, whereas a-syn- 
biotin monomers weakly bind nonspecifically to 
neurons (fig. $2, A to C). a-Syn-biotin PFF bind- 
ing to neurons is saturable with an apparent dis- 
association constant (Ka) of 374 nM (fig. $2, A 
to O), suggesting the existence of receptor(s) or 
binding site(s) for a-syn PFF. We screened a li- 
brary of transmembrane proteins for potential 
«-syn-biotin PFF-binding candidates via detec- 
tion with streptavidin-AP staining (ig, S3A) (19-21). 
A key requirement for expression cloning is 
the existence of a cell line with low a-syn-biotin 
PEF background binding. SH-SYSY cells exhibited 
<8% of the binding levels of a-syn-biotin PFF as 
‘compared with cortical neurons, whereas COS7 
and HeLa cells exhibited relatively high binding, 
and human embryonic kidney (HEK) 293FT cells 
exhibited mild binding (fg. $3, B and C). Com- 
plementary DNAs encoding 352 transmembrane 
proteins (TMGW10001, GFC-transfection array pa- 
nel, Origene) were expressed in SH-SYSY cells 
and screened for «-syn-biotin PFF-binding can- 
dates, This screening approach is a well-established 
method with which to identify ligand receptor 
interactions (19, 20) but will not identify recep- 
tors composed of heteromeric subunits. Three posi- 
tive clones were identified that bind a-syn-biotin 
PFF and include lymphocyte-activation gene 3 
(LAG3), neurexin 18, and amyloid f precursor- 
like protein 1 (APLP1) (Fig. 1A). Our sereen pro- 
vides Z-factor coefficients of 0.82, 0.84, and 0.84 
through three independent experiments, suggest- 
ing that the sereen was within the optimal signal 
‘window to preclude false positives or negatives. 


u-Syn PFF preferentially binds LAG3 


‘The selectivity of LAGS, neurexin 1p, and APLPI 
and related transmembrane proteins for a-syn- 
biotin PEF versus c-syn-biotin monomers was 
determined via the ratio of Ka values (Fig. 1B). 
LAG3 exhibited the highest selectivity with a 
ratio of 38, followed by neurexin 1) with a ratio 
of 1 and APLPI with a ratio of 7. The binding of 
‘-syt-biotin PFF to LAG3 was specific because a- 
symbiotin PFF does not bind to the CD4 recep- 
tor, which has 20% homology to LAGS (Fig. 1B 
and fig. $4). In addition to «-syn-biotin PFF binding 
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to neurexin 1p, it also binds to neurexin 38 and 
mildly binds to neurexin 1a and neurexin 28 (Fig. 
1B). «-Syn-biotin PFF does not bind the amyloid 
precursor protein (APP) or the amyloid precursor 
like protein 2 (APLP2), suggesting that the bind- 
ing to APLP1 was specific (Fig. 18). Because LAGS 
exhibited the highest selectivity for a-syn-biotin 
PFF, it was advanced for further study. No LAG3 
immunoreactive band was observed in HEK203FT 
and SH-SYSY cells, which is consistent with the 
absence of a streptavidin signal in these cell lines 
(fg. SSA), Immunoblot analysis with a LAGS anti- 
body, 410C9, revealed that LAG3 was expressed 
in wild-type (WT but not LAGS knockout (LAGI) 
cortical cultures, confirming the specificity of the 
antibody to LAG3, LAG3 was primarily expressed 
in neurons because LAG3 was not detectable in 
astrocytes or microglia (fig. S5B). a-Syn-bioti 
PFF binds to LAG3 in a saturable manner, with 
a Ky of 77 nM (Fig. 1, B and C, and fig. $4). a-Syn- 
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biotin monomers did not demonstrate specific 
binding to LAG3-expressing SH-SYSY cells up to 
3000 nM (Fig. 1, B and C, and fig. $4). In the ab- 
sence of cell permeabilization by excluding ‘TX- 
100, «-sym-biotin PFF still binds with a K, of 71 nM. 
(Fig. 1, B and C, and fig. $#). WT mouse cortical 
neurons demonstrated «-syn-biotin PFF-binding, 
whereas LAG3/~ mouse cortical neurons had 
reduced a-syn-biotin PFF-binding (Fig. 1D and 
fig. $6). Specific binding of a-syn-biotin PEF to 
LAGS in cortical neurons was determined by sub- 
tracting the binding in WT cultures from the bind- 
ing in LAGS” cultures and revealed a Ky of 
103 nM (Fig. 1D and fig. $6). These results taken 
together suggest that c-syn-biotin PFF binds to 
extracellular LAGS on neurons. 

In vitro co-immunoprecipitation (Co-1P) studies 
showed that «-syn-biotin PFE, but not «-syn-biotin 
monomers, pulls down LAGS (fig. S7A), and con- 


versely, LAG3 pulls down o-syn-biotin PFF but 
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not o-syn-biotin monomers (fig. $78). Moreover, 
in vivo CoP studies showed that misfolded a-syn 
from aged transgenic mice pulls down LAGS, but 
monomeric a-syn from young transgenic mice 
overexpressing human A53T c-syn mutant pro- 
tein does not (22), nor do a-syn monomers from 
‘WT aged or young mice (fig. $70), which suggests 
that LAGS binds specifically to pathological species 
of c-syn. We further confirmed using an enzyme- 
linked immunosorbent assay (ELISA) that a-syn- 
biotin PFF binds to human recombinant LAGS 
directly with a Ky of 2.7 nM (fig. S7D). 


LAG3 specifically binds to a-syn PFF 

‘To test the specificity of «-syn-biotin PFF binding 
to LAGS, tau-biotin PFF, f-amyloid-biotin oligo 
‘mer, and f-amyloid PFF were tested in nontrans- 
fected and LAG3-transfected SH-SYSY cells via 
the streptavidin-AP staining assay (Fig. 1E and. 
figs. $8 and S9) (19, 20). Tau-biotin PFF binds to 
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Fig. 1. a-Syn PFF binds to LAG3. (A) Individual clones from a library con: 
sisting of 352 individual cDNAs encoding transmembrane proteins (GFC- 
transfection array panel, Origene) were transfected into SH-SY5Y cells. and the 
relative binding signals of human a-syn PFF to individual transmembrane pro- 
teins are shown, Positive candidates are LAG3 (NM_002286), NRNXI (NM_138735), 
and APLPI (NM_005166). (B) Mouse a-syn-biotin monomer and a-syn-biotin 
PFF-binding affinity to SH-SY5Y cells expressing the indicated proteins. LAGS* 
Ky assessment was performed without Triton 100 (TX-100). All other exper 
iments were performed with 0.1% TX-100. Transmembrane proteins similar to 
the candidates were also tested. Quantification of bound a-syn-biotin PFF to the 
candidates was performed with Image. Ky values are means + SEM and are 
based on monomer equivalent concentrations. Selectivity was calculated by dividing 
Ka (monomer) by Ky (PFF). Binding of a-syr-biotin monomer was detected at a 
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concentration of 3000 nM, but binding was not saturable. (C) (Top) a-Syr-biatin 
monomer or a-symbiotin PFF binding to LAG3-overexpressing SH-SYSV cells as a 
function of total a-syn concentration in 09% TX100 or 0.1% TX00 conditions 
(monomer equivalent for PFF preparations). (Bottom) Scatchard analysis. K 
7L.nM (0% TX100) and 77 nM (0.1% TX-100); data are the means + SEM, 
independent experiments. (D) Binding of a-syn-biatin PFF to cutured cortical ne 
rons (21 days in vitro) is reduced by LAGS knockout (LAG3”-), as assessed by 
means of alkaline phosphatase assay «-Syr-biotin PFF WT:Ky= 374.nM, LAGS ”K,= 
449 nM, estimated K.for neuronal LAG3 (dotted line, ALAG3 = wild type minus 
LAG3/-) is 103 nM, Data are the means + SEM, n= 3 independent experiments, 
*P < 005, Student's t test. Power (1 ~ B error probabiity) = 1. (E) Specificity of 
LAGS binding with a-syr-botin PFF ig. $4).Tau-biotin PFF (fig. $8), f-amyloi 
biotin oligomer, and p-amyioid-biotin PFF (fig. $8) are negative controls. 
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nontransfected SH-SYSY cells in a saturable man- 
ner, whereas overexpression of LAG3 fails to in- 
crease the binding of tau-biotin PFF (Fig. 1E and 
fig. $8, A and B). famyloid-biotin oligomer and 
framyloid PFF binds to both nontransfected and 
LAGS-overexpressing SH-SYSY cells at high con- 
centrations in a nonspecific manner (Fig. 1E and 
fig. $9, A and B). Taken together, these results in- 
dicate that LAGS specifically binds to o-syn PEF. 

Like other immunoglobulin (Ig) superfamily 
molecules, LAGS contains an ectodomain com- 
posed of four Ig-like domains (D1 to D4) (25). To 
determine the a-syn-biotin PFF-binding domain, 
we sequentially deleted each Ig-like domain of 
LAG3 and performed the cell surface-binding 
assay with overexpression of LAGS deletion mu- 
tants.‘These experiments revealed that «-syn-biotin 
PEF preferentially binds to the Di domain, whereas 
deletion of the D2, D3, or intracellular domain 
(ICD) substantially weakens binding, but deletion 
of the D4 domain does not (fig. S10). Because 
a-syr-biotin PFF binding to LAGS is eliminated 
by deletion of the D1 domain, additional deletions 
of D1 subdomains (Adel1-5-D1) were examined. 
80)-D1 and Adel:Xaa 81-109-D1 sig- 
nificantly reduced o-syn-biotin PFF binding to LAGS, 
whereas Adeli(aa23-51)-DI, Adel4(aal10-138}-D1 
and Adel5(aai39-167)-D1 moderately reduced bind- 
ing of LAGS to «-sym-biotin PFF (fig. S10), sug- 
gesting that LAGS residues 52 to 109 in the D1 
domain are responsible for the LAGS interaction 
with «-syn-biotin PFF. 


The endocytosis of u-syn PFF 
involves LAG3 


‘To determine whether LAGS is involved in the 
endocytosis of a-syn PFF, pHrodo red was con- 
jugated to a-syn PFE. pHrodo red is a pH-dependent 
dye that increases in fluorescence as pH decreases 
from the neutral cytosolic pH to the acidie pH of 
the endosome (fig. SILA) (24). Conjugation of a- 
syn PFE with pHrodo red does not appreciably 
change the properties of the a-syn PFF as assessed 
with immunoblot and AFM (fig. Stl, A and B) 
-Syn-pHrodo PFF undergoes endocytosis in WT 
cortical neuron cultures, whereas LAG3~ neurons 
exhibited minimal a-syn-pHrodo PEF endocyto- 
sis (Fig. 2, A and B, and fig. SIC). Overexpression 
of LAGS in WT cultures enhanced the endocytosis 
of a-syn-pHrodo PFF, and overexpression of LAG3 
in the LAG3 cortical cultures restored endocyto- 
of o-syn-pHrodo PEF (Fig. 2, A and B, and fig. 
SIC), Adeno-associated virus serotype 2 (AAV2) 
expressing enhanced green fluorescent protein 
(EGFP) via a synapsin promoter was used to iden- 
tify neurons and confirmed that «-syn-pHrodo 
PFE was endocytosed in WT neurons, but much 
Jess in LAG3~ neurons (fig. SIID). Examination 
of overexpression of the deletion mutants in LAGS” 
cortical cultures showed that the Di domain dele- 
tion mutant failed to restore the endocytosis of 
pHrodo PFF (fig. StI, E and F). However. 
introduction of LAGS deletion mutants (D2, D3, 
or D4) restored the internalization of a-syn-pHrodo 
PEF (fig. SH, E and F 
The Rabs guanosine triphosphatase is an early 
endosomal marker and helps mediate endocyto- 
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sis (29). As such, we sought to confirm the endo- 
eytosis of o-syn-biotin PEF into endosomes by 
measuring the intensity of colocalized «-syn-biotin 


PFF with Rab5. We found that a-syn-biotin PEF 
‘was colocalized with Rabs in WT cortical neu- 
rons (Fig. 2, C and D). In contrast, there was less 
a-syn-biotin PFF in LAG3 
(Fig. 2, C and D). Overexpression of LAG3 in WT 


cortical neurons 


and LAGS’ cortical neurons enhanced the in- 
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tensity of o-syn-biotin PFF colocalizing with 
Rabs (Fig. 2, C and D), Rabs appears to be up- 
regulated after LAGS overexpression. LAG3 co- 
endocytoses with u-syn PFF as LAG3, Rabo, and 
a-syn-biotin PEF were colocalized (fig. S12A). 
a-Syn-biotin PFF also colocalized with Rabs in 
dendrites and showed a similar pattern in WT, 
WT +LAG3, LAGS", and LAG3”~ + LAGS neu- 
rons (fig. nd C). The endos 
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Rab7 and LAMPI were also colocalized with | (fig. S13). Deletions of DI subdomains [Adel(1-5)- 
biotin PFF (fig. S12), D1] were also examined for w-syn-biotin PFF colo- 
Examination of overexpression of the deletion | calization with Rabé. Consistent with our binding 
mutants in LAGS’ neuronal cultures showed that | assays, Adel2-D1 and Adel3-D1 exhibited the greatest 
the D1 domain deletion mutants failed to inerease | effect on reducing the intensity «-syn-biotin PFF 
the colocalization of «-syn-biotin PFF with Rabs | colocalizing with Rabs (fig. S13). 
(fig. S13). However, introduction of LAGS deletion | Endosome-enriched fractions were isolated 
mutants (D2, D3, D4, and the ICD) enhanced the | via differential centrifugation (26, 27) from WT 
intensity «-syn-biotin PFF colocalizing with Rab5 | and LAG3~' cultures after treatment with a-syn- 
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Fig. 3. a-Syn PFF induced pathology is reduced by deletion of LAG3 in vitro. (A) WT and LAGS 
primary cortical neurons at 7 days in vitro were treated with a-syn PFF or PBS. LAG3 was overexpressed via 
Lentivirus (LV) transduction in WT ar LAG3~ neurons at 4 days in vitro. Three days after transduction, 
cultures 7 days in vitro were treated with a-syn PFF or PBS. All the cultures were fixed 10 days after 
treatment in 4% PFA. Neurons were stained with rabbit mAb MUF-R13 (8-8) for P-a-syn. Scale bar, 40 um. 
(B) Quantification of (A). n =5 independent experiments, each performed in duplicate. Values are given as 
the means + SEM. Statistical significance was determined by using one-way ANOVA followed with Tukey's 
correction; ***P < 0.001. Power (1 - B error probability) = 1. (C) Immunoblots in WT and LAG3"’~ neuron 
lysates of misfolded a-syn, P-a-syn, synapsin Il, SNAP25, and LAG3. B-actin served as a loading control. WT 
and LAG3~"~ neuron lysates were sequentially extracted in 1% TX:100 (TX-soluble) followed by 2% SDS 
(TX-insoluble) 14 days after a-syn PFF treatment. a-Syn PFF recruited endogenous a-syn into TX-insoluble 
and hyperphosphorylated aggregates, which was ameliorated by deletion of LAG3, a-Syn PFF caused a 
reduction in levels of SNAP25 and synapsin ll compared with PBS 14 days after treatment, Deletion of 
LAGS prevented PFF-induced synaptic protein loss. (D to G) Quantification of (C). Values are given as 
means + SEM, n = 3 independent experiments. Statistical significance was determine by using one-way 
ANOVA followed by Tukey's correction: *P < 0.05, “P< O01. **P < 0,001. 
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biotin PFF (fig. SHA), Both monomerie and higher 
molecular-weight forms of a-syn-biotin PFF were 
found in the endosome-enriched fraction of WT 
neuron cultures, whereas there was significantly 
less of both forms in LAG3 ~~ cultures (fig. SH, B 
and C). Lentiviral-mediated overexpression of LAGS 
in WT cultures enhanced the levels of «-syn-biotin 
PEF in the endosome-enriched fractions and re- 
stored the levels of «-syn-biotin PFF in LAGS“ 
culture endosome-enriched fractions (fig. SH4, B 
|. LAGS exists in the endosome-enriched 
fraction (fig. S14D), which is consistent with the 
data that LAG3, Rabs, and a-syn-biotin PFF are 
colocalized (fig. $12A). To exclude the possibility 
that deletion of LAG3 causes a generalized defect 
in endocytosis, we studied the internalization of 
latex beads, and there was no difference in the 
internalization of latex beads between WT and 
LAG3”™ cultures (fig. S14, E and F). LAG3 also 
specifically recognized «-syn PEF because tau-biotin 
PEF as characterized by means of TEM (fig. S15A) 
‘were internalized in LAG3”'~ neurons and failed 
to show greater internalization in neurons over- 
expressing LAG3 (fig. SI5B), which is consistent 
with the observation ofthe lack of tau-biotin PFF 
binding to LAGS (Fig. 1E and fig. $8, A and B). 
‘Taken together, these results indicate that LAGS 
can mediate the endocytosis of a-syn-biotin PEF 
into neurons, 


The absence of LAG3 prevents a-syn 
PFF pathology 


We then asked whether knocking out LAGS pre- 
vents the pathology induced by a-syn PFF, Phos- 
phorylation of a-syn at serine 129 (P-a-syn) is, 
associated with pathology in «-synucleinopathies. 
Its levels increase after treatment of a-syn PFF to 
neuronal cultures (13, 14). Aceordingly, we added. 
c-syn PFF to WT and LAGS” cortical cultures at 
7 days in vitro. Ten days after c-syn PFF treat- 
‘ment, the levels of P-c-syn were markedly inereased 
in WT cultures, whereas the levels of P-c-syn in 
LAG3~~ cultures were barely detectable (Fig. 3, 
Aand B), Overexpression of LAGS enhanced the 
level of P-c-syn in WT cultures and restored P-o- 
syn levels in LAGS” cultures (Fig. 3, A and B). 
Furthermore, the accumulation of P-c-syn colo- 
calized with LAGS (fig. SI6A), which is consistent 
with binding (fig, SI6B) and the coendocytosis of 
LAGS and «-syn PEF (fig. SHED). Overexpressing 
the D1 domain deletion mutant in LAG3’~ neu- 
ron cultures failed to restore P-a-syn levels (fig. 
S17), Overexpression of the D2, D3, and D4. domain 
deletion mutants in LAG3~’~ cortical cultures 
recaptured the c-syn pathology as monitored by 
P-crsyn (fig. S17). 

‘Two weeks after «-syn PFF treatment of cor- 
tical neurons, we examined immunoblots of -syn. 
and P-c-syn from lysates sequentially extracted in 
1% Triton X-100 (TX-soluble) followed by 29 SDS 
(insoluble). «-Syn PF led to an accumulation 
of c-syn and P-c-syn in the ‘TX-insoluble fraction 
in WT cultures, whereas there was significantly 
less accumulation in LAG3™'~ cultures (Fig. 3, C 
and D). a-Syn PFF also caused a reduction in 
SNAP25 and synapsin II levels compared with 
phosphate-buffered saline (PBS) 14 days after 
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treatment, as previously described (13). Deletion 
of LAGS prevented the a-syn PFF-induced syn- 
aptic protein loss (Fig. 3, C to G). Overexpression 
of LAG3 in WT cultures caused an inerease accu- 
mulation of a-syn and P-c-syn in the TX-insoluble 
fraction in WT cultures and a further reduction in 
SNAP25 and synapsin II levels, whereas it prevented 
the sparing in LAG3”~ cultures (Fig. 3, C to G). 


Cell-to-cell transmission of a-syn PFF 
is reduced in LAG3~’~ neurons 


‘To examine the transmission of o-syn PFF and to 
establish the role of LAGS in the intemeuron trans- 
mission of o-syn, we used a microfluidic neuro- 
nal culture device with three chambers connected 
in tandem by a series of microgrooves separating 
the chambers (TCND1000, Xona Microfluidics), 
‘The medium volume in chamber 1 (CI) is 50 ul. 
lower than the one in chamber 2 (C2) and 100 ul, 
lower than the one in chamber 3 (C3) in order to 
prevent diffusion of a-syn PFF to adjacent cham- 
bers. Cortical neurons were cultured in each cham- 
ber. To ensure that o-syn PFF cannot diffuse 
between chambers, primary WT cortical neurons 
in C1 were treated with «-syn-biotin PFF. Fourteen 
days after treatment, the neurons were fixed in 
4% paraformaldehyde (PFA) and stained with 
streptavidin-568 fluorescence dye, Only neurons 
in Cl exhibited immunofuorescence, indicating 
that «-syn-biotin PFF cannot transmit from cham- 
ber to chamber through diffusion (lig. SISA). 


Fig.A.cSymPFP transmission 4 oy mp 
isreiced by deletion of AG 

in vitro. (A) Schematic repre: Ine 
seraiencttnetreecraroesin 
wh ewer vere cated 
chamber 1 (C1), chamber 2 (C2), 
and chamber 3 (C3) (top); or Cl 
and C3 (bottom). (B) a-Syn PFF 
was added to Chol temic 
devs on yi Psy | 
detected n G2 and C3 ven 

neurone were preset a ee 
charoes Taras 193 
fot detectable ven ners 
are not resetn. Sat bt 
100 ym. (C) Quantification 

(B). Data are the means + SEM, 
113 independent eperents: 
Oreway ANOVA lone 
Sits cored, "7 < 6001 
versus Cl, Power (1 - p error 
probability) = 1. (D) Schematic of 
mri reren dere th 
te chamber separate 
craters () Wares 
palhope Psy rom Cie C2 
{oC day after aon ot 
syn PEE Cre tet 
carne of eros textedin 
Cailstedascl(e2).ca 


Neurons 


Neurons Neurons Neurons 


l2wt+tac3 | 
lacs: \ 
Is. LAGs+LAGal 


Medium Volume 


re WT: (WT)-WT,WT(WT+LAG3)-WT, WT(LAG3 


ccSyn transmission from C1 to C3 requires in- 
termediating neurons in C2 because c-syn PEF 
administration to C1 failed to induce P-csyn ac- 

cumulation in C3 when C2 was left empty (Fig. 4, 
A to C), Using this system, the transmission of 
c-syn PFF was monitored via P-csyn levels in 
WT and LAG3”~ cultures (Fig. 4, D to F, and fig, 

S18B). The microfluidic neuron culture device was 
then set up to contain WT cultures in Cl and C3, 
whereas C2 either contained WT or LAGS ~~ cul- 
tures, In another set of chambers, LAG3 was over- 
expressed in the C2 chamber containing either 
WT or LAGS" cultures. Administration of a-syn 
PFF to Cl led to increased P-c-syn levels (Fig. 4, E 
and F, and fig. S18B). To assess the propagation 
ofa-syn PFF along dendrites and axons as well as 
transmission of misfolded a-syn, we monitored 
the levels of P-c-syn in C2 and C3. When C2 con- 
tains WT cultures, P-c-syn was observed in both 
C2 and C3, and LAGS overexpression in C2 neurons 
enhanced the levels of P-c-syn in both chambers 
(Fig. 4, E and F, and fig. SISB). In contrast, when 
C2 contains LAGS“ cultures, P-c-syn levels were 
significantly reduced in C2 and were absent in C3 
(Fig. 4, Eand F, and fig. S18B). LAGS overexpression 
in C2 neurons restored the propagation of a-syn 
PFF as assessed by similar levels of P-c-syn com- 
pared with that in WT cultures (Fig. 4, E and F, 
and fig. SISB). These results taken together in- 
dicate that LAG3 is required for the propagation 
and transmission of pathologic «-syn, 


c2 ™ C3) BPasyn 


a-Syn PFF toxicity is reduced in 
LAG3"/~ neurons 

‘Treatment of WT cortical cultures with a-syn 
PEF causes neuronal cell death, as previously de- 
seribed (fig. $19) (13). o-Syn PEF treatment led to 
substantial cell death compared with PBS-treated 
cultures as assessed with propidium iodide stain- 
ing (fig. $19, A and B). LAGS’ cultures exhibited 
significantly less cell death, and overexpression 
‘of LAGS restored the toxicity to c-syn PEF (fig. S19, 
A and B). We also performed neuronal nuclei 
(NeuN) antibody staining to assess neuronal num- 
ber. «-Syn PFF treatment caused a significant loss 
of NeuN immunoreactivity, and overexpression 
of LAGS enhanced neuronal loss (fig. S19, C and D), 
NeuN immunoreactivity was preserved in LAGS 
cultures after «-syn PFF treatment, whereas over- 
expression of LAGS in LAG3”~ cultures led to a 
loss of NeuN immunoreactivity (fg. $19, C and D). 
NeuN immunostaining in LAGS” neurons with 
overexpression of deletion mutants (ADI-AD+ 
and AICD) indicated that deletion of the D1 do- 
main failed to exhibit cell death, but deletion of 
D2, D3, D4, or the ICD domains still led to cell 
death (fg. $19, E and F). Because deletion of the 
TAGS ICD domain may reduce a-syn PFF tox- 
icity, signaling through the ICD of LAG3 may 
contribute to a-syn PFF toxicity, Furthermore, 
because calcium might be involved in a-syn- 
induced neurotoxicity (13, 28-22), ealeium in- 
flux was monitored in response to a-syn PFF. 
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Fig. 5. Antibodies to LAG3 block a-syn PFF binding, endocytosis, pathology, and transmission. 
(A) C9B7Wand 4109 (both 50 g/mL), antibodies to LAGS, block the binding of «-syn-biotin PFF (500 nM) 
on SH-SYSY cells expressing LAGS. Scale bar, 50 jum. (Right) Quantification of images in (A). Data are the 
means + SEM. n =3 independent experiments, Student's t test: ***P < 0.001, (B) C9B7W and 410C9 (both 
50 ig/mL) reduced the endocytosis of a-syn-biotin PFF (1 uM) in primary cortical neurons 12 days in vitro. 
Rab7 was used to confirm the isolation of endosomes. (C) P-a-syn as detected with rabbit mAb MJF-R13 (8-8) 
Was reduced by antibodies to LAGS in primary cortical neurons. Scale bar, 50 um. (Bottom) Quantification 
of images in (C). Data are the means + SEM. n = 3 independent experiments, one-way ANOVA followed by 
Tukey's correction; “#P < 0.01. (D) 4109 delays a-syn PFF transmission in neurons. (Top left) A schematic 
representation of the three microchambers in which neurons were cultured in Cl, C2, and C3. a-Syn PFF 
\was added to Cl of the microfluidic device on day 7. Mouse IgG or 410C9 (both 50 ye/mL) was added to 02 
on day 7. a-Syn PFF transmission was detected via P-a-syn immunostaining in C2 and C3 on day 21, Scale 
bar, 10 um. (Top right) Quantification of images at bottom. Data are the means + SEM, = 3 independent 
experiments, one-way ANOVA followed by Tukey's correction. ***P < 0.001: n., nonsignificant. 
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Perfusion of a-syn PEF (500 nM) onto WT cortical 
neurons led to a gradual increase in intracellular 
calcium levels (fig. $20). Lack of LAGS caused a 
significant decrease of «a-syn PFF-induced caleium 
influx, which may account for the reduced toxicity 
in LAG37~ cultures (fig. $20). 


Antibodies to LAG3 reduce u-syn PFF 
toxicity and cell-to-cell transmission 


‘Two different antibodies to LAG3, COB7W (60 ug/L.) 
(89) and 410C9 (50 jig/ml) (34), blocked the bind- 
ing of «-syn-biotin PFF (500 nM) in SH-SYSY cells, 
expressing LAGS (Fig. 5A). The antibodies to LAGS 
also reduced the enrichment of «-svn-biotin PFF 
(1M) in the endosomal-enriched fraction of pri- 
mary cortical neurons 12 days in vitro (Fig. 5B), 
which is consistent with reduced endocytosis in 
LAGS” neuron culture, Both antibodies reduced 
the subsequent c-syn PEF pathology detected with 
phosphorylated c-syn Ser“ (P--syn) (Fig. 5C). Rat 
or mouse IgG had no effect in these assays, Cell-to- 
cell transmission of «-syn PFF as detected with P-- 
syn was significantly reduced by 410C9, whereas 
mouse IgG had no effect after 14 days of «-syn PEF 
treatment (Fig. 5D and fig. S21), 

‘To determine whether LAGS mediates the 
pathology induced by human o-syn PFF, we as- 
sessed P-o-syn immunoreactivity in cortical cul- 
tures from mouse prion promoter transgenic mice 
overexpressing human AS3T mutant a-syn (22) 
in the presence or absence of the 410C9 and in 
human AS3T mutant a-syn cultures lacking LAGS. 
Human o-syn PFF treatment of A53T o-syn neu- 
ron cultures increased P-c-syn, whereas the absence 
of LAGS or the antibody to LAG3 significantly 
reduced P-o-syn immunoreactivity (fig. $22, A 
and B). Brain homogenates from 10-month-old 
symptomatic human ASST transgenie mice were 
used to assess endogenous a-syn aggregates, and 
‘we found that they also increased the level of P-1- 
syn, whereas deletion of LAGS or treatment with 
the antibody to LAG3 410C9 reduced the level 
of P-e-syn induced by AS3T transgenic brain 
homogenates (fig. $22, C and D), Human «syn 
PEF induced toxicity in human AS3T a-syn trans- 
genic neuronal cultures, whereas deletion of LAGS 
or 410C9 significantly reduced the toxicity (fig 
$22, E and F). These results, taken together, sug- 
gest that LAG3 can mediate the pathology of 
human a-syn aggregates. 


The absence of LAG3 reduces a-syn PFF 
transmission and toxicity in vivo 

‘To determine whether LAGS is necessary for a- 
syn PEF transmission and toxicity in vivo, we 
stereotactically injected a-syn PFF into the dorsal 
striatum of WT and LAGS” mice (25). Repre- 
sentative maps (fig. $23A, red dots) and repre- 
sentative images and quantification (fig. S23, B 
and C) of the distribution of LB/LN-like pathol- 
ogy of P-a-syn accumulation and the stereotaxic 
injection site indicated by gray circles in the o- 
syn PFF-injected hemisphere are shown for mice 
sacrificed at 30 and 180 days after injection (fig, 
$23), P-c-syn immunoreactivity was monitored 
in substantia nigra pars compacta (SNpe) tyro- 
sine hydroxylase (TH)-positive neurons 30 and 


sclencemagorg SCIENCE 


jence.sciencemag.org/ on October 7, 2016 


Downloaded from http:// 


RESEARCH | RESEARCH ARTICLE 


180 days after «-syn PFF injection, We observed 
substantial P-o-syn staining in WT SNpe TH- 
positive neurons at 30 and 180 days (Fig. 6A). In 
LAGS” SNpe'TH-positive neurons, P-a-syn stain- 
ing is reduced by >50% at both time points. Ac- 
companying the a-syn pathology, stereologic 
counting of SNpe TH- and Niss/-positive neurons 
revealed significant loss of dopamine (DA) neu- 
ronsin WT mice at 180 days after injection (Fig. 6B). 
‘There was a dramatie preservation of DA neurons 
in a-syn PFF-injected LAG3 mice (Fig. 6B). High- 
performance liquid chromatography (HPLC) analy- 
sis demonstrated a significant reduction in DA 
and its metabolites 3,4-dihydroxyphenylacetic 
acid (DOPAC), homovanillic acid (HVA), and 3MT 
in WT mice and a sparing of the reduction in 
LAGS” mice (Fig. 6C and fig. S24, A to C). Im- 
munoblot analysis demonstrated a significant 
reduction in’TH and the DA transporter (DAT) 

WT mice and a sparing of the reduction in LAG: 
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mice (fig, S24D), At 180 days after c-syn PEF in- 
jection, WT mice exhibited robust clasping behav- 
ior when suspended by their tail similar to prior 
reports (1, 36), whereas LAGS” mice demon- 
strated a response similar to PBS-injected mice 
(fig. S24E), WT mice injected with a-syn PFI 
showed significant impairment in the pole test, 
which is thought to be a sensitive behavioral 
indicator of dopaminergie function (37), with in- 
creased time to turn and time to reach the base, 
whereas LAG3~~ mice injected with «syn PFF 
showed no significant impairments (Fig. 6D). Grip 
strength analysis indicated that WT mice have 
reduced forelimb and forelimb plus hindlimb 
strength after c-syn PFF injection, which is sim- 
ilar to prior reports (14, 36), whereas the LAGS’ 
mice showed no significant loss in grip strength 
(Fig. 6E). Therefore, LAGS is crucial for «-syn 
PFF-induced neurodegeneration and the devel- 
‘opment of PD-related motor defects. 
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Conclusion 
‘The major finding of this paper is that «-syn PFF 
transmission and toxicity is initiated by binding 
LAGS, We isolated LAGS via an unbiased sereen 
for «-syn PFF-binding sites, Although our data 
indicate that LAGS is not the sole a-syn PFF- 
binding site, it plays a major role in a-syn PFF 
endocytosis and transmission. Moreover, mice 
lacking LAG3 exhibit delayed a-syn PFF-induced 
pathology and reduced toxicity. 

Consistent with our observations that the ab- 
sence of LAGS does not completely reduce a-syn 
PFF-binding and pathology, we observed that 
«csyn PEF also binds to APLP1 and neurexins. A 
recent study also identified neurexin 1a and 2c. 
as c-syn fibril-binding partners (92). The Toll- 
like receptor 2(LLR2) on microglia was shown to 
be involved in the activation of microglia because 
of exposure to oligomerie o-syn from conditioned 
neuronal media (38). Heparan sulfate proteoglycans 
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Fig. 6. a-Syn PFF-induced pathology is reduced by deletion of LAG3 
in vivo. (A) Representative P-u-syn immunostaining and quantification in the 
substantia nigra par compacta (SNpc) of WTand LAG3-’~ mice sacrificed at 30 
‘and 180 days after intrastriatal a-syn PFF injection. Data are the means + SEM, 
5 to 9 mice per group, one-way ANOVA with Sidak’s correction, (B) Stereology 
counts from TH immunostaining and Nissl staining of SNpc DA neurons of WTand 
LAGS mice at 180 days after intrastriatal a-syn PF, a-syn monomer, or PBS 
injection. Data are the mean number of cells per region + SEM, n = 5 to 9 mice per 
group, one-way ANOVA with Dunnett's correction. (C) DA concentrations in the 
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striatum of a-syn PFF-injected mice and PBS-treated controls measured at 180 days 
by means of HPLC, Data are the means + SEM, n= § to 8 mice per group, ane: 
way ANOVA with Tukey's correction, (D and E) 180 days after a-syn PFF injection, 
the pole test and grip strength were performed in WTor LAG3~“~ mice injected 
with PBS or a-syn PFF. Behavioral abnormalities in the pole test and grip strength 
induced by a-syn PF injection were ameliorated in LAGS“ mice. Data are the 
means + SEM, n= 7 to 9 mice per group for behavioral studies. Statistical sig 
nificance was determined by using one-way ANOVA with Tukey's correction; *P-< 
005, **P < 001, ***P<Q001 ns, nonsignificant. Power (1 ~ f error probability) = 1 
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(HSPGs) can mediate «-syn aggregate uptake and 
seeding via micropinocytosis (39), and the A3- 
subnit of the Na’/K*-adenosine triphosphatase 
(a3-NKA) binds to o-syn fibrils and oligomers (32), 
‘Whether these alternative o-syn-binding partners 
contribute to «-syn transmission and pathogenesis, 
and how they might interact with LAG3 requires 
further study. 

LAGS is enriched not only in the thymus and 
spleen, but the brain as well 33). Immunoblot anal- 
ysis indicates that LAGS is expressed predomi- 
nantly in neurons, which is consistent with the 
observation that LAG3 mediates the transmis- 
sion of misfolded a-syn from neuron to neuron, 
According to the Allen Brain Atlas, LAG3 is local- 
ized to neurons throughout the central nervous 
system (CNS) including DA neurons, It is becoming 
inereasingly clear that proteins that were thought to 
function primarily in the immune system also have 
important roles in the nervous system, including the 
functional requirement for class I major histocom- 
patibility complex (MHC) in CNS development and 
plasticity (40, 4). Cass I MHC is also expressed in 
the nervous system (42), The function of LAGS in 
the CNS is not known, and whether misfolded «-syn. 
activates downstream signaling after engagement 
of LAGS requires further study. 

We propose a previously unknown mechanism 
for cell-to-cell transmission of misfolded -syn that 
involves the endocytosis of exogenous a-syn PFF 
by the engagement of LAGS on neurons. 

‘The interaction between LAG3 and a-syn PEF 
provides a new target for the development of thera- 
peutics designed to slow the progression of PD and 
related -synucleinopathies. This could potentially 
be quickly translated in PD because many phar- 
‘maceutical companies are developing agents that 
block LAGS (43). The prion-ike spread of a-syn 
PEF and other amyloidogenie proteins is a mul- 
tistep process involving the uptake, propagation, 
and release of pathological amyloid proteins, USPI9 
was recently shown to promote a-syn secretion, 
suggesting a pathway by which pathologie a-syn 
exits cells in c-synucleinopathies (44). Combined 
with LAG3 playing a major role in the internal- 
ization of pathologic c-syn, we speculate that more 
‘mediators will be discovered that are involved in 
the cell-to-cell transmission of pathologic a-syn. 


Materials and methods 
a-Syn purification and a-syn 

PFF preparation 

Recombinant «-syn proteins were purified as pre- 
viously described (18). a-Syn PFF were prepared 
by agitating c-syn in a transparent glass vial with 
a magnetic stirrer (350 rpm at 37°C). After 7 days 
of incubation the u-syn aggregates were sonicated 
for 30 s at 10% amplitude (Branson Digital Sonifier, 
Danbury, CT, USA) and the «-syn monomer and 
cesyn PFF were separated by FPLC using a Superose 
6 10/300GL column (GE, Healtheare, Life Sciences, 
Wauwatosa, WI, USA) and fractions containing the 
ce-syn monomer and a-syn PEF were kept at 80°C, 
‘To characterize c-syn PFF mediators, recombinant 
ce-syn monomer was purified and labeled with sulfo- 
‘NHS-LC Biotin (Thermo Scientific, Grand Istand, NY, 
USA. E/ink Sulfo-NHS-LC Biotin, 2435), The molar 
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ratio of biotin to «-syn was 2-3. After conjugation, 
ccsym-biotin monomer and c-syr-biotin PFF was 
prepared as mentioned above, 


Preparation and characterization 
of tau fibrils 


Recombinant Tau protein was obtained from 
Peptide (I-1001-2, Bogart, GA, USA). Tau was lab- 
led with sulfo-NHS-LC-Biotin as described above 
for c-syn. In vitro fibrllization of full-length Tau 
(2N4R) was prepared by mixing 50 uM low mole- 
‘cular weight heparin and 2 mM DIT with 300 uM 
recombinant Tau in 100 mM sodium acetate butfer 
(pH 70) under constant orbital agitation (1,000 rpm) 
at 37°C for 5-7 days (45). Successful fibrillation was 
confirmed using the thioflavin T fluorescence assay 
and transmission electron microscopy. ‘The fibrils 
‘were mechanically broken down into small frag- 
‘ments by sonication (30 s, 10% amplitude). 


Preparation of synthetic 

B-amyloid;.42 oligomers 

amyloid, ,. peptide was purchased from Anaspee 
(AS64120-). ‘The famyloid, peptide was first 
dissolved in Hexafluoro-2-propanol (HFIP), evapo- 
rated overnight in the fume hood, and then com- 
pletely dried down for 1 hour using a SpeedVae 
(Thermo Scientific, USA), The resulting peptide 
film was dissolved in DMSO at 2.2 mM and dil- 
tuted in PBS to obtain a 250 jiM stock solution. 
Bramvloid, 2 was labeled with sulfo-NHS-LC-Biotin 
as described above for a-syn. The solution was in- 
‘cubated at 4°C for at least 24 hours to oligomerize 
the peptides (46), The solution was aliquoted after 
‘oligomerization and stored at -80°C until use. Before 
usage, the solution was centrifuged at 12,000 g for 
10 min to remove the fibril forms of f-amyloidh 42. 
‘The supernatant, which contains the dissolved oli- 
gomeric f-amylotd, 42 was used for experiments. 


Preparation of synthetic p-amyloid;.42 
fibrils and PFF 

amyloid, ,. peptide was purchased from Anaspee 
(AS-64129-. After HFIP treatment, f-amyloidh 
‘monomer was freshly resuspended in DMSO at 
concentration of 2.2 mM. The stock solution was 
further dissolved in PBS to a final concentration 
‘0f 250 uM and labeled with sulfo-NHS-LC-Biotin, 
then incubated in 37°C for 24 hours. After form- 
ing f-umyloid fibrils, the solution was sonicated 
for 2 min to fragment and form the pre-formed 
fibrils (PFF) before treatment to neurons, 


Atomic force microscopy 

(AFM) measurements 

An atomic force microscope (AFM) (Asylum MFP- 
3D-BIO™, Santa Barbara, CA, USA) was used to 
perform AFM experiments. Under ambient con- 
ition using Si cantilevers with nominal resonance 
frequeney of 330 kHz and nominal spring con- 
stant 20-80 N/m (Veeco, Horsham, PA, USA) AFM 
‘was performed in the tapping mode. 


Transmission electron microscopy 
(TEM) measurements 


‘Samples were adsorbed to glow discharged 400 
mesh carbon coated copper grids (EMS) for 2 min, 
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‘The grids were quickly transferred through three 
drops of Tris-HCl (50 mM pH 7.4) rinse, then 
floated upon two consecutive drops of 0.75% 
uranyl formate 30 5 each, Stain was either as- 
pirated or blotted off with # Whatman filter 
paper triangles, Grids were allowed to dry before 
imaging on a Phillips CM 120 TEM operating at 
80 KV. Images were captured and digitized with 
an ER-80 CCD (8 megapixel) by advanced micro- 
scopy techniques. 


Cell line selection for expression cloning 


COS-7, HeLa, HEK203FT and SH-SYSY cells were 
sereened for «-syn-biotin PFF binding using a 
similar method that was used to identify binding 
partners of f-amyloid-biotin oligomer (27). Cells 
‘were incubated with a-syn-biotin PFF (0M, 0.5 uM 
and 1 4M total «-syn-biotin monomer concentra- 
tions) in DMEM media with 10% FBS at room 
temperature for 2 hours. We removed unbound 
«csyn-biotin PFF by thoroughly washing (1-6 times, 
20 min each) with DMEM media with 10% FBS 
followed by fixation with 4% paraformaldehyde 
in PBS, The cells were then washed three times 
with PBS, blocked for 30 min with 10% horse 
serum and 0.1% Triton X-100 in PBS. Using alkaline- 
phosphatase-conjugated streptavidin (final dilution 
1:2000) in PBS supplemented with 5% horse serum, 
and 0.05% Triton X-100, the cells were incubated. 
for 16 hours and then bound alkaline phospha- 
tase was visualized by 5-bromo-t-chloro-3-indoly1 
phosphate/nitro blue tetrazolium reaction (19, 20). 
‘o-Sym-biotin PFF binding to mouse cortical neurons 
‘was used as a positive control. Quantification of 
bound «-syn-biotin PFF to cells was performed 
with ImageJ. 


Screening strategy, expression cloning 
and SH-SYSY cell surface binding assays 


A focused set of experiments to identify o-syn PFF 
mediator(s) was performed, We transfected a li- 
brary consisting of 352 individual eDNA clones 
‘encoding transmembrane proteins (TMGW10001, 
GFC-transfection array panel, Origene, Rockville, 
‘MD, USA) into SH-SYSY cells (27). Two days after 
transfection, the cells were incubated for 2 hours 
with c-syn-biotin PFF (1 uM total c-syn-biotin 
monomer concentration) in DMEM media with 
10% FBS at room temperature. We removed un- 
bound «-syn-biotin PFF by thoroughly washing 
(4-6 times, 20 min each) with DMEM media with 
10% FBS and then fixed with 4% paraformal- 
dehyde in PBS. The cells were then washed three 
times with PBS, blocked for 30 min with 10% 
horse serum and 0.1% Triton X-100 in PBS, Using 
alkaline-phosphatase-conjugated streptavidin (final 
dilution 1:2000) in PBS supplemented with 5% 
horse serum and 0.05% Triton X-100, the cells 
were incubated for 16 hours and then bound 
alkaline phosphatase was visualized by 5-bromo- 
4-chloro-3-indolyl phosphate/nitro blue tetrazo- 
lium reaction (19-21). Bound a-syn-biotin PFF to 
LAG#transfected SH-SYSY cells was quantified 
with ImageJ. The Z-factor was calculated by the 
value of the positive control (neuron) and the 
negative control (SH-SY5Y cells expressed GFP) 
in each plate, 
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Imaged analysis 

‘Threshold was selected under Image/Adjust 
in order to achieve a desired range of intensity 
values for each experiment. Once determined, 
this threshold was applied to all the images in 
each experiment. ‘The threshold setting was 
also used to exclude the background. After ex- 
clusion of the background, the selected area in 
the signal intensity range of the threshold was, 
measured using the measurement option under 
the Analyze/Measure menu, The area values with 
different concentrations of a-syn-biotin (mono- 
mer or PFF) were input into the Prism program 
to obtain Ka, 


Primary neuronal cultures, a-syn PFF 
transduction and neuron binding assays 


CDI mice were obtained from the Jackson Lab- 
oratories (Bar Harbor, ME). Primary cortical neu- 
rons were prepared from E15.5 pups and cultured 
in Neurobasal media supplemented with B-27, 
0.5 mM L-glutamine, penicillin and streptomycin 
(all from Invitrogen, Grand Island, NY, USA) on 
tissue culture plates coated with poly-L-lysine, ‘The 
neurons were maintained by changing medium 
every 3-4 days. a-Syn PFF (final concentration 
g/mL.) was added at 7 days in vitro (DIV) and 
ce-syn PFF was incubated for 10-21 days followed 
by biochemical experiments or toxicity assays, 
Each experiment was performed in duplicate and 
repeated 3-6 times, Neurons were harvested for 
indirect immunofluorescence and sequential ex- 
traction, To determine the amount of bound a- 
syn-biotin PFF in WT and LAG3~ neuronal 
cultures, o-syn-biotin PFF with different concen- 
trations were used. Quantification of bound «-syn- 
biotin PFF to WT and LAG3~~ neurons were 
performed with ImageJ. 


Primary microglial and astrocyte culture 


Primary microglial and astrocyte cultures were 
performed as described previously (47). Whole 
brains from mouse pups at postnatal day age 1(P1) 
‘were obtained. After removal of the meninges 
the brains were washed in DMEM-F12 supple- 
‘mented with 10% heat-inactivated FBS, 50 U/ml. 
penicillin, 50 g/mL streptomycin, 2 mM L- 
glutamine, 100 uM non-essential amino acids, and 
2.mM sodium pyruvate (DMEM-F12 complete me- 
dium) three times. ‘The brains were transferred 
to 0.25% ‘Trypsin-EDTA followed by 10 min of 
gentle agitation. DMEM-FI2 complete medium 
was used to stop the trypsinization. The brains 
‘were washed three times in this medium again, 
A single cell suspension was obtained by tritura- 
tion, Cell debris and aggregates were removed by 
passing the single cell suspension through a 100 jm. 
nylon mesh, The final single cell suspension thus 
jeved was cultured in T-75 flasks for 13 days, 
with a complete medium change on day 6. ‘The 
mixed glial cell population was separated into 
astrocyte rich and microglia rich fractions using 
the EasySep Mouse CD1Ib Positive Selection Kit 
(StemCell). The magnetically separated fraction 
containing microglia and the pour-off fraction 
containing astrocytes were cultured separately, 
and harvested 48 hours after plating by seraping. 
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Mouse strains 
C57BL6 and CD1 mice were obtained from the 
Jackson Laboratories (Bar Harbor, ME). LAGS’ 
mice (48) were kindly provided Dr. Charles Drake 
Gohns Hopkins University) and were maintained 
‘on a C57BL6 background. The mice do not devel- 
op any autoimmune or inflammatory phenotype. 
However, they do have a defect in'T cell homeosta- 
sis and at 3-4 months they have enlarged spleens 
and lymph nodes (43). All housing, breeding, and. 
procedures were performed according to the NIH 
Guide for the Care and Use of Experimental Ani- 
‘mals and approved by the Johns Hopkins Univ- 
ersity Animal Care and Use Committee, 


Human A53T a-synuclein 
transgenic mice, neuron culture 

and brain homogenates 

LAGS mice were crossbred to G2-3 human A53T 
c-synuclein transgenic mice to obtain AS3T a- 
synuclein and LAG3’"/A53T a-synuclein neuron 
cultures. Substantial neurodegeneration is observed 
in the human AS3T o-synuclein transgenic mice 
including serine 129 phosphorylation and the 
formation of c-synuclein fibrils (22). Brain areas 
that exhibit neuropathology including the brain- 
stem and cerebellum of the human AS3T a- 
synuclein transgenic mice were dissected and 
stored at -80°C. The brain tissue was sonicated 
in sterile PBS (100 mg per 1 ml of buffer) and cen- 
tuifuged for 5 min (3000 g at 4°C). The resultant 
supernatant was taken and stored at -80°C until 
further use. 


Enzyme-linked immunosorbent assay 
(ELISA) analysis 


‘The binding affinity between «-syn-biotin PEF and 
LAGS was analyzed using a sandwich ELISA kit 
(Sigma, St. Louis, MO, USA) according to the 
manufacturer instructions. The lyophilized human 
LAGS protein was added into a human LAGS 
antibody-coated ELISA plate and left overnight 
at 4°C with gentle shaking. Followed by 5 washes, 
20 min each, Different concentrations of a-syn- 
biotin PFF (0.1 nM to 100 nM) were added to 
each well and were incubated for 2 hours at 22°C 
with gentle shaking. HRP-streptavidin solution 
‘was incubated for 45 min at 22°C with gentle 
shaking followed by 5 washes, 20 min each. 
Finally, the ELISA colorimetric TMB (3,3',5,5- 
tetramethylbenzidine) reagent was added and 
incubated for 10 min at 22°C in the dark with 
gentle shaking. 


Plasmids 
Human and mouse LAG3 cDNA clones were kind- 
ly obtained from Dr. Charles Drake at the Johns 
Hopkins University, School of Medicine, peDNA3.1- 
APLPI, APP and APLP2 cDNA clone were ob- 
tained from Dr. Yasushi Shimoda at Nagaoka 
University of Technology and Dr. Gopal Thinakaran 
at The University of Chicago. pCAG-Neurexin 
eDNA clones were obtained from Dr. Thomas 
C. Siidhof at Stanford University and Dr, Peter 
Scheiffele at Basel University. The pMX-CD4 plas- 
mid #14614 was obtained from Addgene (Cam- 
bridge, MA, USA). 
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Deletion mutants 
LAGS deletion mutants with a HA tag were con- 
structed by PCR using herculase polymerase 
‘(Agilent Technologies, Wilmington, DE, USA) and 
primers were designed to flank the sequences to 
be deleted. The DNA was separated on a 1% agar- 
‘ose gel and the appropriate band was excised 
and isolated using a gel extraction kit (Qiagen, 
Valencia, CA, USA). 100 ng of DNA was phos- 
phorylated at the 5’ end using 4 polynucleotide 
kinase (Invitrogen, Grand Island, NY, USA) for 
30 min at 37°C and ligated overnight at room 
temperature using T4 DNA ligase (Invitrogen, 
Grand Island, NY, USA). Reactions were purified 
with a PCR purification kit (Qiagen, Valencia, CA, 
USA) and transformed into competent StbI3 cells 
(Invitrogen, Grand Island, NY, USA). Integrity of 
the constructs was verified by sequencing. 


Live images 
‘-Syn PF was labeled with pHrodo red (Invitrogen, 
Grand Island, NY, USA). pHrodo red is weakly 
fluorescent at neutral pH, but fluorescence in- 
‘creases as the pH drops. «-syn-pHrodo PFF was 
directly added to LAG3 WT and LAG3~~ neuron 
‘groups. For the WT + LAGS and LAGS “~ + LAG3 
‘groups, neurons were co-transfected with LAGS 
and GFP expression vector 2 days prior to the 
addition of a-syn-pHrodo PFF. Live images were 
recorded every 0.5~1 min for 20-30 min using 
‘Mieroscope Axio Observer Z1 (Zeiss, Dublin, CA, 
USA), 1-4 min later after a-syn-pHrodo treat- 
ment, the cells were suitable for recording. Treat 
ment with caleein AM (C1430, ThermoFisher 
jentific, USA) was used to identify the outline 
of neurons for quantification, Transduction with 
AAV2-¢SYN-EGFP-WPRE in some experiments 
(VB4870, Vector Biosystems Inc, USA) was also used 
to identify neurons. This AAV is a EGFP construct 
driven by the neuron E/SYN promoter, a hybrid 
promoter consisting of a 0.4 Kb CMV enhancer (E:) 
and the 045 Kb human Synapsin T promoter frag 
ment (SYN), Outlining the neuron via the Zeiss Zen 
Software and then subtracting the background de- 
termined the signal intensity of the a-syn-pHrodo 
PEF, The baseline was established as the fuores- 
cence intensity of the neuron at 2-3 min after a- 
sym-pHrodo PFF treatment, The percentage of 
internalized a-syn-pHrodo PFF signal at each time 
point was obtained by calculating the ratio to the 
baseline in each experiment, The live images in 
Fig. 2A were normalized to reduce background. 


Colocalization of RabS and a-syn-biotin PFF 
‘The images were obtained using the same expo- 
sure time and treated in the same way for anal- 
ysis. The signal of a-syn-biotin PFF colocalized 
‘with Rabs was measured and quantified by the 
‘Zeiss Zen software, by outlining the colocalization 
and measuring the signal intensity and area of 
the colocalized signals. ‘The overall signal was 
determined by multiplying the signal intensity 
by the area to determine the overall value. 


‘Neuronal internalization of latex beads 
Latex beads (Sigma, USA) were applied to 12-14 


DIV wild type and LAG3“~ neuron culture (1yL/mL) 
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for 4 hours at 37°C. The numbers of internalized 
latex beads were quantified by confocal microscopy. 


Calcium imaging 
Intracellular calcium levels were monitored with 
the fluorescent calcium indicator, Fluo-t acetoxy 
methyl (AM) ester (Thermo Fisher Scientific, 
Waltham, MA, USA). Primary cortical neurons 
derived from wild-type and LAGS embryo mouse 
brains were plated on polyornithine-coated glass 
coverslips for 18 days, and then were loaded with 
Fluo-4 AM for 30 min at 1 uM final concentra- 
tion, After one wash with Hank's balanced salt 
solution (HBSS) (with 2 mM Caleium chloride), 
the cells were placed in a 37°C heated adaptor on 
a confocal microscope (Carl Zeiss, Germany). Live 
imaging was performed with an excitation wave- 
length of 485 nm and an emission wavelength of 
525 nm. Regions of interest (ROL) were selected 
in a field having usually more than 10 neurons. 
PEF (0.5 1M) was added with perfusion when the 
baseline fluorescent signals had been steady 
for 5 min, and recordings continued for an addi- 
tional 70 min. Images were acquired at 30 s inter- 
vals, and were analyzed with Zen (Carl Zeiss, 
Germany) and ImageJ software. 


LAG3 antibody blocking experiments 


Anti-LAG3 antibodies (COB7W and 410C9) were 
administered to cell cultures (50 jig/ml) 30 min 
before a-syn PFF treatment (33, 34). Rat IgG and 
‘mouse IgG were applied as negative controls at the 
same concentration, SH-SYSY cells overexpressing 
LAGS were used for the binding assay 2 days after 
transfection of LAG3. Mouse primary cortical neu- 
rons (12 DIV) were used for the endocytosis endo- 
some enrichment assay. Neurons (7 DIV) were 
treated with o-syn PFF for pathology and trans- 
mission assays. The antibodies were added to 
chamber 2 of the microfluidic chambers in the 
transmission assay. 


Endosome enrichment 


ceSyn-biotin PFF was administered to neuron 
(12 DIV) cultures and incubated for 1.5 hours. To 
remove the bound -syn-biotin PFF, trypsin was 
added for 30 s and followed by three brief washes 
with culture medium. Endosomes were enriched 
as previously described (26, 27). The neurons were 
harvested with PBS and prepared with lysis buffer 
(250 mM sucrose, 50 mM Tris-HCl (pH 7.4), 
5 mM MgCl, 1mM EDTA, 1 mM EGTA) with 
a protease inhibitor cocktail (Roche, New York, 
NY, USA). The suspended cell !ysates were pipetted 
6 times and passed through a syringe 20 times 
(1 ml TB Syringe, BD, Franklin Lakes, NJ, USA). 
‘The endosomes were harvested in the third 
pellet followed by three steps of centrifugation 
¥"Cl000 g, 10 min), 2** (16,000 g, 20 min) 3 
(100,000 g, 1) for immunoblot analysis. 


Biochemical analysis 
Dissected brain regions of interest or culture 
samples were prepared with sequential lysis 
buffers. For the soluble fraction, samples were 
homogenized in the following TX-soluble buffer 
(60 mM Tris [pH 8.0], 150 mM NaCl, 1% Triton- 
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100) containing protease and phosphatase inhib 
itors (Roche, New York, NY, USA) and samples 
‘were centrifuged and the soluble supernatant was 
collected. The insoluble pellet was resuspended 
in TX-insoluble buffer (50 mM ‘Tris [pH 8.0], 
150 mM NaC, 1% Triton X-100, 2% SDS) contain- 
ing protease and phosphatase inhibitors (Roche, 
‘New York, NY, USA), Samples were sonicated and 
centrifuged at 20,000 g for 20 min. Protein con- 
centrations were determined using the BCA assay 
(Pierce, Rockford, IL, USA) and samples (10 ug total 
proteins) were separated on SDS-polyacrylamide 
gels (13.5%) and transferred onto nitrocellulose 
membranes. Blots were blocked in 5% non-fat 
milk or 7.5% BSA in TBS-T (Ivis-buflered saline- 
‘Tween 20) and probed using various primary 
antibodies, Target antigens were incubated with 
appropriate secondary antibodies and were detected 
using ECL substrate and imaged by ImageQuant 
LAS 4000mini scanner (GE Healthcare Life Sci- 
‘ences, Wauwatosa, WI, USA) or via film, 


Lentiviral vector construction, 
production and transduction 

Lentiviral vectors were generated as previously 
described (49). LAG3 or deletion mutants of LAG3 
with HA tag were subcloned into a lentiviral 
‘Fugw vector by Age I restriction sites. The human 
ubiquitin C (hUBC) promoter was used to drive 
expression. The recombinant cFugw vector was 
transiently transfected into HEK293FT cells to- 
gether with three packaging vectors: pLP1, pLP2, 
and pVSV-G (1.3:1.5:1:15) to generate the lentivi 
ruses. 48 hours and 72 hours after transfection, 
the viral supernatants were collected and con- 
centrated by ultracentrifugation for 3 hours at 
50,000 g. Viral particles were resuspended into 
serum free medium and stored at -80°C, At DIV 
4 to 5, neurons were infected by lentivirus carry- 
ing LAG3, deletion mutants of LAG3, or empty 
vector as a control [1 x 10° transduction units 
(TU)/ml] for 72 hours, 


In vitro co-immunoprecipitation (co-IP) 

HEK293FT cells were transfected with cFUGW- 
LAG3 or €FUGW-GIP by lipofectamine 2000. 2.days 
later the cultures were treated with c-syn-biotin 
monomer or «-syn-biotin PFF (final concentra- 
tion 11M) for 2-3 hours. The cells were washed 2 
times with PBS and harvested with lysis buffer 
containing 50 mM Tris [pH 8.0], 150 mM NaCl, 
1% Triton X-100, and protease inhibitors (Roche, 
‘New York, NY, USA). Samples were frozen and 
thawed three times, followed by centrifugation 
‘at 20627 X g for 20 min, Protein concentrations 
of the supernatants were determined using the 
BCA assay (Pierce, Rockford, IL, USA). Aliquots 
of the samples containing 500 yg of protein were 
ineubated with Dynabeads MyOneTM Streptavic 
‘Ti (Invitrogen, Grand Island, NY, USA) overnight 
at 4°C for o-syn-biotin co-IP assay, In LAGS co-IP, 
aliquots of the samples were pre-cleared with 
10 uL of Dynabeads® Protein G (Life Technolo- 
zzies, Grand Island, NY, USA) for 1 hour. Simulta- 
neously, 50 yl of Dynabeads® were incubated 
for one hour with 4 ul. of either mouse 410C9 
antibody or mouse IgG (Santa Cruz, Dallas, TX, 


USA), Pre-cleared samples were incubated with 
Dynabead*-antibody/IgG overnight at 4°C, The IP 
complexes were washed 5 times with IP buffer and 
then denatured by adding 2 x Laemlli Buffer plus 
fr-mereaptoethanol, followed by boiling for 5 min, 


In vivo co-immunoprecipitation (co-IP) 


‘Transgenic mice overexpressing human A53T a- 
synuelein (22), and WT littermate controls were 
euthanized at 4 months and 10 months of age. 
‘The brainstem was removed and lysates were pre- 
pared with brain lysis buffer containing 50 mM Tis, 
[pH 8.0}, 150 mM NaCl, 1% NP-40, and protease 
inhibitors (Roche, New York, NY, USA). Samples 
‘were frozen and thawed three times, followed by 
centrifugation at 20627 X g for 20 min. Protein 
‘concentrations of the supernatants were determined 
using the BCA assay (Pierce, Rockford, IL, USA). 
Aliquots of the samples containing 500 jig of pro- 
tein were pre-cleared with 10 pL. of Dynabeads® 
Protein G (Life Technologies, Grand Island, NY, 
USA) for one hour. Simultaneously, 50 ul of 
Dynabeads® were incubated for hour with 4 yl. 
of either rabbit a-synuclein antibody (Cell Sig- 
naling, Beverly, MA, USA) or rabbit IgG (Santa 
Cruz, Dallas, TX, USA). Pre-cleared samples were 
incubated with Dynabead™antibody/IgG overnight 
at 4°C. The immunocomplexes were washed 5 times 
with IP buffer and then denatured by adding 2 x 
Laemili Buffer plus f-mereaptoethanol, followed 
by boiling for 5 min. 


Microfluidic chambers 


‘Tepe compartment microfluidic devices (TCNDI000) 
‘were obtained from Xona Microfluidic LLC (Temecula, 
CA, USA). Glass coverslips were prepared and 
coated as described, before being affixed to the 
microfluidic device (13). Approximately 100,000 
neurons were plated per chamber. At 4 DIV, WT 
and LAG3”” neurons were transduced with lenti- 

virus LAGS to create WT + LAG3 and LAGS + 
LAGS neurons. At 7 DIV, 05 ug «syn PFF was 
added into chamber 1. To control for direction of 
flow, a 50 ul difference in media volume was 
maintained between chamber 1/and chamber 2 
and chamber 2 and chamber 3 according to the 
manufacturers’ instructions. Neurons were fixed 
on day 14 after «-syn PFF treatment using 4% 
paraformaldehyde in PBS. The chambers were 
then processed for immunofluorescence staining. 


u-Syn fibril and stereotaxic procedure 


Purification of recombinant of o-syn proteins and. 
in vitro fibril generation was performed as pub- 
lished (14), Assembly reactions of e-syn were per 
formed by continuous agitation of w-syn for 7 days 
in an amber glass vial with a magnetic stirrer 
(850 rpm at 37°C), a-Syn PFF was harvested and 
evaluated for the quality of the fibrils. To avoid 
repeated freeze and thaw, the PFF were aliquoted 
and stored in -80°C. On the day of intrastriatal 
injections, preparations were diluted in sterile 
PBS and briefly sonicated in a temperature con- 
trolled sonicator water bath. Three month old 
ice were anesthetized with pentobarbital and PBS, 
recombinant -syn PFF (5 8/2 uL) or recombinant 
-syn monomer (5 .g/2 uL) was stereotactically 
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delivered into one striatum. The following refer- 
ence coordinates for the dorsal neostriatum were 
used: +02 mm Mediallateral (ML); +20 mm 
antero-posterior (AP) and +2.8 mm dorso-ventral 
(DV) from bregma. Injections were performed using 
a2 uL syringe (Hamilton, Reno, NV, USA) at a 
rate of 0.1 L per minutes with the needle left in 
place for = 5 min before slow withdrawal of the 
needle. After surgery, animals were monitored 
and post-surgical care was provided. Animal be- 
havior was performed at 30 or 180 days and mice 
‘were euthanized for biochemical, neurochemical 
and histological studies. For biochemical studies, 
tissues were immediately frozen after removal 
and stored at -80°C. For histological studies, mice 
‘were perfused transcardially with PBS and 4% 
PFA and brains were removed, followed by over- 
night fixation in 4% PFA and transfer to 30% 
sucrose for eryoprotection. 


HPLC for DA, DOPAC, HVA, and 3MT 
High-performance liquid chromatography with 
electrochemical detection (HPLC-ECD) was used 
to measure biogenic amine concentrations, Brief 
ly, mice were sacrificed by decapitation. After 
rapid removal of the striatum, it was weighed 
and sonicated in 0.2 ml ice cold 0.01 mM per- 
chloric acid containing 0.01% EDTA. 60 ng 3,4- 
dihydroxybenzylamine (DHBA) was included 
as an internal standard. This was followed by 
centrifugation (15,000 x g, 30 min, 4°C) and passing 
the supernatant through a 0.2 um filter. Twenty 
ul of the supernatant was analyzed in the HPLC 
column (3 mm x 150 mm, C-18 reverse phase 
column, Acclaim™ Polar Advantage II, Thermo 
Scientific, USA) by a dual channel coulochem IIL 
electrochemical detector (Model 5300, ESA, Ine. 
Chelmsford, MA, USA). The BCA protein assay 
kit Pierce, Rockford, IL, USA) was used to measure 
protein concentration of the tissue homogenates, 
Data were normalized to protein concentrations 
and expressed in ng/mg protein. 


Immunohistochemistry, 
immunofluorescence and mapping 

of a-syn pathology 

Immunohistochemistry (IHC) and immunofuo- 
rescence (IF) was performed on 50 um thick 
serial brain sections. Primary antibodies and work- 
ing dilutions are detailed in ‘Table SI. For his- 
tological studies, coronal sections were incubated 
in primary antibodies for P-c-syn or Tyrosine 
Hydroxylase followed by incubation with biotin- 
conjugated anti-mouse or anti-Rabbit antibody 
respectively (Vector Labs, Burlingame, CA, USA), 
ABC reagents (Veetor Labs, Burlingame, CA, USA), 
and SigmaFast DAB Peroxidase Substrate (Sigma- 
Aldrich, St. Louis, MO, USA). Sections were 
counterstained with Niss] (0.09% thionin). Immu- 
noreactivity in double-abeled sections was labeled 
using appropriate fluorescent secondary anti- 
bodies conjugated to Alexa-fluor 488, 594 or 647 
(invitrogen, Carlsbad, CA, USA). Images (IHC) 
‘were captured on AxioCam Mre camera connected 
to Observer. ZI microscope (Zeiss, Oberkochen, 
Germany). Images (IF) were obtained by confocal 
scanning microscopy (LSM710, Zeiss, Dublin, CA, 
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USA), Photoshop CS6 (Adobe Systems) was used 
to assemble montages. Fine mapping of P-t-syn 
pathology was performed by tracing all visible 
immunoreactive inclusions/cells and neurites at 
10 x magnification from sections at multiple ros- 
trocaudal levels corresponding to coronal see- 
tions at approximately +1.92, +0.74, -0.82, and 
-2.30, and -3.52 mm relative to Bregma. 


Animals 


All procedures involving animals were approved 
by and conformed to the guidelines of the Insti- 
‘tutional Animal Care Committee of Johns Hopkins 
University, Animals were housed in a 12h dark 
and light eycle with free access to water and food. 
All mice were acclimatized in the procedure room 
before starting any animal experiments. We have 
taken great measure to reduce the number of ani- 
‘mal used in these studies and also taken effort to 
reduce animal suflering from pain and discomfort. 


Behavioral analysis 


‘To evaluate a-syn PFF-induced behavioral defi- 
cits, control and a-syn PFF injected mice were 
assessed by the pole test, grip strength, and lasping 
behavior Lweek prior to sacrifice. The experimenter 
‘was blinded to treatment group for all behavioral 
studies, All tests were performed between 10:00- 
16:00 in the lights-on eyele. 


Pole test 


A 9mm diameter2.5 foot metal rod wrapped with 
bandage gauze was used as the pole. Mice were 
Placed on the top of the pole (3 inch from the top of 
the pole) facing head-up. The time taken to turn and 
total time taken to reach the base of the pole was 
recorded, Before the actual test the mice were trained 
for two consecutive days and each training session 
consisted of three test trials."The maximum cutoff of 
time to stop the test was 120 s, Results were ex- 
pressed in turn and total time (in seconds) (37) 


Grip strength 
‘Neuromuscular strength was measured by max- 
‘imum holding force generated by the mice (Biosed, 
USA). Mice were allowed to grasp a metal grid 
with either by their fore and/or hind limbs or both. 
‘The tail was gently pulled and the maximum hold- 
ing foree recorded by the force transducer when 
the mice released their grasp on the grid. The 
peak holding strength was digitally recorded and 
displayed as force in grams (50). 


Hindlimb clasping 


Hindlimb clasping is a marker of disease progres- 
sion in neurodegeneration. ‘The procedure was 
performed by grasping the mouse-tail and hind- 
limb clasping was monitored for 10 s, Mice with 
neuropathologic deficits exhibit retracted hind- 
limbs and grasping of the abdominal area. In 
addition the mice were observed for a hunch- 
backed posture (51). 
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The linker histone H1.0 generates 
epigenetic and functional 
intratumor heterogeneity 
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Rotem Ben-Hamo, Emma Nye, Bradley Spencer-Dene, Probir Chakravarty, Sol Efroni, 
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INTRODUCTION: Cancer arises from clonal 
expansion of a single cell. Yet, most human 
cancers are characterized by extensive intra- 
tumor heterogeneity and comprise various sub- 
populations of cells with distinct phenotypes 
and biological properties. Intratumor hetero- 
geneity poses major challenges in understanding 
cancers, managing patients, and designing ef- 
fective treatment strategies. Functional heter- 
ogeneity within individual tumors is partly due 
to the presence of genetically distinct subclonal 
cell populations. Furthermore, interactions 
between cancer cells and the tumor micro- 
environment can alter the phenotype of cancer 
cells via nongenetic mechanisms. The combi- 
nation of cell-intrinsic and cell-extrinsic changes 
occurring during tumor growth generates fuunc- 
tionally distinct subsets of cells that differen- 
tially contribute to tumor maintenance, 


Epigenetic heterogeneity within tumors. In many cancer types, self-renewing and differentiated epigenetic 
states coexist in individual tumors. (Left) Image of a breast cancer section showing heterogeneous levels of the 
linker histone HLO (red). (Right) Schematic depiction of the chromatin status of cancer cells in which HILO is 


RATIONALE: In many cancers, phenotypic 
and functional heterogeneity can be mapped 
to distinct differentiation states, suggesting 
that cellular hierarchies established during 
‘tumor growth may affect the long-term prolif- 
erative potential of cancer cells. To shed light 
on the mechanisms responsible for the genera- 
tion of these hierarchies, we searched for epi- 
genetic mechanisms that determine which 
cancer cells can preserve unlimited protifera- 
tive potential, and thus the ability to drive long- 
term tumor growth, and which cells lose this 
ability through a differentiation process. 


RESULTS: We found that, in several cancer 
types, individual tumors exhibit high hetero- 
geneity of the major chromatin protein linker 
histone HO, showing strongly reduced HO 


levels in cells characterized by long-term self- 


Self-renewal 
genes 


Oncogenic 


effectors 


[AT-rich domains 


renewal ability and tumorigenic potential and 
higher levels in nontumorigenic cells. Com- 
bined analysis of pan-cancer patient data sets 
and experimental alteration of the HIFO locus 
in tumor cells revealed that heterogeneous HLO 
expression patterns are partly due to differential 
methylation of an enhancer region that dynam- 
ically modulates H1.0 expression within tumors. 
Using a controlled system to model functional 
intratumor heterogeneity, we showed that main- 

tenance of cell tumorigenic 
potential required silencing 
Read the full article Of HILO to avoid loss of un- 
at http: //d do. limited proliferative capac- 
org/10.1126/ ity through differentiation, 
science.aafl644_—_Mfechanistically, absence of 
HLO led to destabilization 
of nucleosome-DNA interactions in AT-tich ge- 
nomic regions and coordinated derepression of 
large sets of neighboring genes, resulting in ac- 
tivation of transcriptional programs that support 
cancer cell self-renewal. Gene expression changes 
induced by H1.0 loss were reversible, and epi- 
genetic states restricting cell proliferative po- 
tential were reestablished upon H1L0 reexpression, 
In multiple cancer types, in agreement with the 
observed inhibition of cancer cell self-renewal 
by HILO, patients expressing overall strongly 
reduced levels of HILO showed a significantly 
‘worse outcome than patients expressing higher 
HO levels. 


CONCLUSION: Intratumor heterogeneity has 
emerged as a general feature of cancer, but 
the molecular features underlying functionally 
diverse cellular phenotypes have been elusive. 
Our results uncover epigenetic determinants of 
tumor-maintaining cells and identify an inte- 
gzal component of chromatin as an 
important regulator of cell differ- 
entiation states within tumors. 


Maintenance 
oflong-term We propose that only cells insen- 
proliferative sitive to extracellular differentia- 

potential _—_tion cues, capable of permanently 


silencing H1.0, can act as self- 
| renewing tumor-maintaining cells 
and that such a mechanism sup- 
ports maintenance of several types 
of cancer. Our results suggest 
that intervention aimed at re- 
storing high levels of H1.0 in all 
cancer cells may enhance the dif- 
ferentiation process that natural- 
| ly oceurs during tumor growth 
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The linker histone H1.0 generates 
epigenetic and functional 
intratumor heterogeneity 
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‘Tumors comprise func! 


nally diverse subpopulations of cells with distinct proliferative 


potential, Here, we show that dynamic epigenetic states defined by the linker histone HLO 


determine which cells within a tumor can sust 


the long-term cancer growth. Numerous, 


cancer types exhibit high inter- and intratumor heterogeneity of HLO, with H1.0 levels 
correlating with tumor differentiation status, patient survival, and, at the single-cell level, cancer 


stem cell markers. 


lencing of HO promotes maintenance of self-renewing cells by 


inducing derepression of megabase-sized gene domains harboring downstream effectors of 
oncogenic pathways. Self-renewing epigenetic states are not stable, and reexpression of HO 


in subsets of tumor cells establishes transcri 


nal programs that restrict cancer cells’ 


long-term proliferative potential and drive their differentiation. Our results uncover epigenetic 


dete 


inants of tumor-maintaining cells. 


ancer is a clonal disease originating from 
single cell, Yet, most human cancers are 
characterized by extensive intratumor het- 
erogeneity and comprise various sub- 
populations of cells with distinct phenotypes 
and biological properties (1, 2). Intratumor het- 
erogeneity poses major challenges in understand- 
ing cancers, managing patients, and designing 
effective treatment strategies. Functional heter- 
ogeneity within individual tumors is partly due 
to intercellular genetic variation, which results in 
the generation of genetically distinct subclonal 
cell populations (3, #). Furthermore, tumors have 
complex architecture, differing regionally in vessel 
content, stroma, host infiltrates, and other fea- 
tures that can alter the phenotype of genetically 
identical cells (5). 
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In many cancers, phenotypic and functional 
heterogeneity can be mapped to distinet ditter- 
entiation states (5-7), suggesting that epigeneti 
changes oceurring during tumor growth may 
establish cellular hierarchies within the neoplastic 
mass, thereby affecting the long-term proliferative 
potential of cancer cells. In line with this notion, 
individual tumors have been shown to contain 
distinet subpopulations of undifferentiated, self- 
renewing cells and more differentiated cells, which 
only have limited proliferative ability (8, 9). Re- 
gardless of their cell of origin, cancer cells en- 
owed with unlimited proliferative potential can 
be identified by their ability to propagate the dis- 
cease when transplanted into immunocompromised 
mice and are referred to as tumor-propagating 
cells (TPCs) or cancer stem cells (CSCs) (9). The 
mechanisms through which epigenetic changes 
occurring during tumor growth establish differ- 
entiation hierarchies and contribute to functional 
heterogeneity within individual tumors are largely 
unknown, 

We have previously shown that hierarchically 
‘organized human primary tumors containing fune- 
tionally distinct subsets of cancer cells can be 
generated in a controlled manner using de novo 
transformed cells. Expression of human telomerase 
(hTERT) and oneogenic HRAS™ and concom- 
itant inhibition of p53 and pRB by SV40'T antigens 
confer tumorigenic potential to various cell types 
(10-12), We have shown that, upon experimental 
transformation of primary dermal fibroblasts, a 
subpopulation of cells marked by the CSC marker 
SSEAI (13, 14) acquire uncontrolled long-term 
proliferative potential and multipoteney (15). 


30 SEPTEMBER 2016 + VOL 8538 ISSUE 6307 


‘Thus, when injected into mice, SEAT’ cells form 
hierarchically organized tumors in which a small 
subset of self-renewing SSEAI" cells maintain 
tumor growth while generating SSEAT’differ- 
entiated progeny with only limited prolifera- 
tive capacity (15). The functional differences 
that distinguish SSEAI” and SSEAT tumor cells— 
undifferentiated phenotype, long-term self-renewal 
ability, and high tumorigenic potential versus 
differentiated phenotype, limited proliferative 
potential, and low tumorigenicity—are general 
features associated with differentiation hier 
archies in many cancer types, regardless of the 
tissue of origin, 

‘Taking advantage of our ability to generate 
hierarchically organized human tumors in a.con- 
trolled manner, here we identify an epigenetic 
mechanism that establishes intratumor func 
tional heterogeneity. We report that reversible 
silencing of the linker histone 11.0 (16) affects 
the differentiation state of cancer cells and con- 
tributes to defining which cells within a tumor 
can maintain long-term self-renewal potential 
and drive tumor growth. H10 is one of multiple 
HI variants. Unlike replication-dependent Hi 
variants, which are mainly expressed in prolifer- 
ating cells, H1.0 is expressed in both dividing and 
nondividing cells (16). H1.0 levels are low in 
pluripotent cells but accumulate in somatic 
cells, replacing replication-dependent H1 variants 
(17). Here, we demonstrate a critical role for 
histone 11.0 in inhibiting tumor maintenance. 


Results 
Heterogeneous levels of H1.O in 
individual tumors 


‘We have previously used an engineered system 
to model functional intratumor heterogeneity of 
human tumors (see above) (15) In this system, we 
have shown by gene expression analysis that self 
renewing tumor cells, which are marked by the 
surface antigen SSEA1 (SSEAI" cells), are molee- 
ularly distinct from their SSEA differentiated 
progeny (fig. SLA) (15). Among the differentially 
expressed genes, HO, which encodes histone H10, 
showed consistent down-regulation in SSEAI™ cells 
compared with SSEAT cells in multiple tumors 
(Fig. 1A and fig. S1B). Other H1 variants were 
cither expressed at very low levels in all tumor cells 
(HISTHIA, HISTHIB, HISTHIC, HISTHID, HISTHIT, 
HiFoo, HIENT, and HIFX) or expressed at com- 
parable levels in SSEAI" and SEAT colls(HISTHIE) 
(fig, S1B). Analysis of protein levels by quanti- 
tative immunofluorescence microseopy of sorted 
tumor cells and tumor sections confirmed low 
levels of HILO in self-renewing SSEAY" cells (Fig. 
1, Band G, and fig. SI), In contrast, SSEAT cells 
expressed heterogeneous, but overall higher, levels 
of HLO (Fig. 1, B and C, and fig. SIC), similarly to 
hTERT-immortalized, nontransformed fibroblasts, 
from which SSEAI* cells were originally derived 
(Fig. 1, B and C), As a control, comparable levels 
of HL4 (HISTIHIE gene product) were detected 
in SSEAI and SEAT cells (Fig. 1B and fig. SID). 
Low abundance of H10 in SSEAI* cells was fur- 
ther confirmed in unsorted tumor cells by imaging 
flow eytometry, which showed a mutually exclusive 
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relationship between H1O and SSEAI (Fig. 1, D 
and E). H10 levels negatively correlated with the 
presence of the mitotic marker phopho-H3S28 in 
tumors, confirming an association between HO 
levels and cell proliferative potential (fig. $2) 
‘We next examined HO levels in clinical samples 
from cancer patients. Glioblastoma multiforme 
(GBM) is an aggressive brain cancer character- 
ized by highly undifferentiated cells. SSEAI is 
an established GBM stem cell marker that en- 
riches for tumor-propagating cells (13, 14). Single- 
cell analysis of normal brain and GBM tissue 
sections by quantitative immunofluorescence 
microscopy showed overall reduced levels of H1LO, 
but not H1.4, in cancer samples (Fig. 1, F and G, 
and fig. S9A). However, whereas the SSEAT cell 
population was heterogeneous and included cells 
expressing H1LO at comparable levels as normal 


brain cells (H1FO"*" cells), SSEAI* cells con- 
sistently exhibited low levels of the protein (HLFO!™* 
cells) (P < 0.01) (Fig. 1, F and G, and fig. S3A). 
Analysis of single-cell RNA-sequencing (RNA-seq) 
data sets from primary GBMs (2) confirmed these 
results, because self-enewing GBM cells isolated 
from multiple tumors (CSCs) showed ~10 times 
lower average levels of FO compared with the 
whole tumor cell population and ~4 times lower 
levels compared with cells cultured under differ- 
entiating conditions (FCS) (Fig. 1H). Although 
the average HFO levels were variable across GEM 
samples, the range of H1F0 levels in individual 
cells was similar in all analyzed tumors (fig. S3B), 
indicating that bulk measurements of the heter- 
‘geneous GEM populations mainly reflected the 
relative abundance of H1FO"® and HIFO" cells 
within each population, Furthermore, analysis of 


gene expression data sets from The Cancer Genome 
Atlas (TCGA) showed significantly higher bulk 
levels of #270 in lower-grade glioma (LGG) com- 
pared with grade 4 GBM (P < 0.001) (fig. $3C), 
suggesting that more aggressive brain tumors 
contain more H1FO"™* cells than well- and mod- 
rately differentiated tumors, 

Intratumor heterogeneity of HO levels was 
also observed in other types of cancer. In breast 
cancer (BRCA), the abundance of H1.0" cells 
correlated with histopathological grade, being 
lower in well-differentiated cancers (grade I) and. 
higher in moderately (grade TD) and poorly (grade 
TID differentiated tumors (Fig. 1 and fig. S3D). 
Levels of HO were particularly low (P < 0.01) in 
cells expressing ITGAG, a surface antigen marking 
breast CSCs (18), which has been shown to have 
prognostic value as a single parameter (19) (Fig. 1, 
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Fig. 2. Dynamic methylation of an enhancer element regulates HIFO ex- 
pression in cancer. (A) Representation of the HIFO regions probed by bisulfite 
sequencing analysis (arrows indicate PCR-amplified regions) and 450 K In- 
finium arrays. (B) Bisuifite sequencing analysis comparing the HIFO CG shore 
‘methylation status in the indicated subsets of sorted tumor cells. Lines repre- 
sent individual sequenced molecules. White and black circles represent un: 
methylated and methylated CpGs, respectively. The percentage of methylation 
of selected CpGs is indicated. “*P < 0.001 [two-way analysis of variance (ANOVA) 
(©) qRT-PCR of SSEAI" tumor cells treated with 5-Aza-2deoxycytidine (5-Aza) or 
with dimethyl suifoxide (DMSO) as a control. Values represent average + SEM 
from three technical replicates. Two independent experiments gave similar results, 
*P < 0.05 **P < 0.01, compared with DMSO (one-way ANOVA and Tukey 
Kramer test). (D) Luciferase reporter assay. Normalized luciferase activity com: 
paring the transactivation potential of two negative control DNA fragments 
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(Neg. 1 and 2) (21, 43) and the HIFO CGI shore, Values are average + SEM 
from three experiments. **P < 0.01 (Student's t test). (E) qRT-PCR com: 

paring HIFO expression levels in cells expressing HIFO-targeting sgRNAs and 
‘Cas9 fused to either wild-type (WT) or a catalytically dead (ANV) DNMT3A, 
Values are average + SEM trom three biological replicates. *P < 0.05 (Student's 
t test). (F) Normalized luciferase activity comparing the transactivation potential 
of untreated (NT) or in vitro methyated (Meth) HIFO CGI shore and a negative 
control fragment (Neg. 1. Values are average + SEM from five bialogical replicates, 
+P < (01 (Student's t test). (G) Analysis of HIFO methylation in TCGA samples. 
Patients ae sorted based on HIFO expression levels (RSEM),and the corresponding, 
DNA methylation levels are visualized as a heat map. Each row corresponds toa 
patient, and the number of patients for each cohort is indicated. P values of the 
Spearman's rank correlation between HIFO mRNA levels and methylation of CpG 7 
and 8 are indicated (see fig. $6). Expression levels are normalized across tissues, 
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Land K), As a control, H1.4 was not affected in 
BRCA samples (fig. S3D). Similarly, analysis of 
samples from patients affected by stomach, pros- 
tate, uterus, and ovary cancer revealed hetero- 
geneous H1.0 levels in tumor sections, whereas 
homogeneous high levels were detected in the 
corresponding normal tissues (fig. S4A), A panel 
of 20 cell lines from 10 cancer types also showed 
overall reduced levels of HO (fig. S4, Band C). In 
culture, HO levels were sensitive to extracellular 
signaling, as assessed by treatment of cells with 
various ligands previously implicated in mediating 
interactions between cancer cells and the tumor 
microenvironment. Out of 16 proteins tested, in- 
cluding eytokines, activators or inhibitors of stem 
cell-related pathways, and growth factors, 9 in- 
creased H1.0 levels whereas 2 further lowered 
them (P < 0.05) (fig. S4D). This observation sug- 
gests that heterogeneous HLO expression patterns 
within tumors may be the result of differential 
exposure of cancer cells to extracellular cues, 

“Taken together, these results indicate that sev- 
eral cancer types exhibit highly heterogeneous 
expression patterns of HILO within individual 
tumors and that cells characterized by an un- 
differentiated phenotype and expressing func- 
tionally validated CSC markers contain particularly 
low levels of HLO. 


Dynamic H1FO methylation in tumors 


Aberrant DNA-methylation patterns contribute 
to gene down-regulation in cancer (8). HIFO is 
‘unmethylated and highly expressed in most adult 
tissues (figs. 83, A and D, and S4A) (17) (Fig. 28 
and fig. S5A). To assess whether DNA methyla- 
tion affects H1F0 levels within tumors, we per- 
formed bisulfite sequencing analysis of the HO 
locus, comparing self-renewing SSEAI" cells with 
the most differentiated tumor cells, characterized 
by the absence of SSEAI and reduced levels of 
the surface antigen CD166 (SEAT /CD166"") (15) 
(eve Fig. 3D), We examined a region spanning 
~11 Kb around the transeriptional start site (TSS) 
(from -263 to +858), including a CpG island (CGD) 
(Fig. 2A), The CGI in the HFO promoter was not 
methylated in either subset (fig. $5B), but a dif- 
ferentially methylated region was identified in the 
adjacent CGI shore (20) (Fig. 2A), SSEAT’/CD166"*" 
cells showed considerable methylation in multiple 
consecutive CpGs (26 to 94%; average, 50%), 
whereas significantly reduced methylation (0 
to 37%; average, 18%) was detected in differ- 
entiated SSEAT /CD166"’ cells (P <0,001) (Fig. 
2B), Treatment of isolated SSEAI* tumor cells 
with the DNA methyltransferase inhibitor 5-Aza- 
2-deoxveytidine resulted in demethylation of 
the CGI shore and a progressive increase of HIRD 
mRNA with similar kineties, whereas HIFX, as 
a control, remained constant (Fig. 2C and fig. 
$5, C and D; also see methods). Chromatin im- 
munoprecipitation (ChIP) revealed high levels of 
H3K27ac in the CGI shore, suggesting the pre- 
sence of an enhancer element (21) (fig. $5, E and 
F), In agreement, the HPO CGI shore showed 
transactivating potential in reporter assays (Fig. 
2D), and its deletion by clustered regularly inter- 
spaced short palindromic repeats (CRISPR)-Cas9~ 
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mediated genome editing resulted in decreased 
levels of endogenous HIF mRNA (fig. $5, G and 
H), Furthermore, targeted methylation of the en- 
hancer region by CRISPR-Cas9-DNMT3A (22) 
(~65% methylation) induced a ~45% reduction 
in HIFO mRNA levels (Fig. 2E and fig. $51), and 
in vitro-methylated reporter constructs showed 
a similar reduction in luciferase assays (Fig. 2F 
and fig. J). We conclude that differential methy- 
lation of an enhancer controlling FFD expression 
induces £7270 silencing in self-renewing tumor cells, 

We then analyzed expression and methylation 
data sets from various cancer types generated by 
‘TCGA. For each cancer type, correlation between 
HIFO mRNA levels measured by RNA-seq and 
HIFO methylation assessed by 450 K Infinium 
microarrays was examined, Similar to what we ob- 
served in tumors induced by in vitro-transformed 
cells, the HIIFO promoter (450 K probes 1 to 4) was 
not methylated in most patients (Fig. 2, A and G, 
and fig. $6), whereas a downstream region cen- 
tered on the CGI shore (450 K probes 5 to 10) 
showed variable degrees of methylation, which 
inversely correlated with H1F0 mRNA levels (Fig. 
2, A and G, and fig. $6). Out of the 27 analyzed 
types of cancer, 26 showed a significant inverse 
correlation between HIFO mRNA levels and DNA 
methylation (P-value range: P < 2.2 x10 to P= 
0.009) (Fig. 2G and fig. $6). Remarkably, the 
location of the methylated region within FO 
‘was the same in all cancers, with the CGI shore 
(probes 7 and 8) showing the highest correlation 
with expression levels. In several cohorts, patients 
characterized by high H1F0 methylation showed 
a significantly higher proportion of aggressive 
tumors, such as triple-negative breast cancers 
and high-grade glioma, Kidney cancer, and stom- 
‘ach adenocareinoma (P-value range: P < 0.0001 to 
P = 0.016) (table S1). Bisulfite sequencing analysis 
of multiple cell lines from various cancer types 
confirmed methylation of the H1F0 CGI shore in 
clinically derived samples expressing low H10 
levels (figs. S5K and S4, B and C). We conelude 
‘that methylation of the H7IF0 CGI shore is associated 
with silencing of #7270 in a large variety of cancers. 


Chromatin-mediated inhibition of cancer 
cell self-renewal 


‘To investigate whether changes in H1.0 levels 
play a funetional role in generating functional 
heterogeneity within tumors, we assessed whether 
restoring high levels of H1O in self-renewing 
SSEAY' cells during tumor growth or, conversely, 
inhibiting reexpression of the protein in their dif- 
ferentiated progeny affects tumor organization 
and cancer cell long-term proliferative potential. 
‘To doso, we introduced into in vitro-transformed 
cells lentiviral constructs expressing either HILO 
DNA or short-hairpin RNAS (shRNAs) targeting 
HIFO (ShHLO) under a doxyeyeline (Dox)-inducible 
‘promoter. Induction of HO eDNA in vitro resulted 
in a ~4-fold increase in HIF mRNA (fig. S7A), 
whereas expression of two distinct shRNAS re- 
duced mRNA levels by ~80% (fig. 87, B to E), 
leaving other Hi variants unaffected (fig. S7, F 
and G). Cell lines expressing H14 cDNA or an 
HiA-targeting shRNA were also generated as 


controls (ig. S7, A and B). Neither forced expres- 
sion nor knockdown of HO or H14 affected cell 
viability, but cells expressing exogenous H10 
showed decreased proliferation rates in vitro (fig. 
88, A and B), Although the overall population of 
HLO-expressing cells did not undergo immediate 
cell-cycle arrest and most cells were positive for 
the proliferation marker Ki67 early upon H1.0 
expression, the fraction of Ki67-negative cells 
creased over time (P = 0.014) (fig. S8, C and D), 
similarly to what is observed upon cell differen- 
tiation (23, 24), suggesting that constitutive ex- 
pression of HILO impairs cell long-term proliferative 
potential. In agreement, cells expressing high levels 
of exogenous HILO were negatively selected over 
time in favor of those expressing lower levels (fg. 
SSE). Progressive negative selection of Ki67/ 
11,0" cells over passages hindered detection 
of complete arrest of the whole-cell population. 

To determine whether changes in HO levels 
within established tumors affect tumor organiza- 
tion, cells containing, but not expressing, inducible 
HLO eDNA or H1.0-targeting shRNAs were in- 
Jected into NOD.Cg-Prkdlé™Nargé”™"™"/Sa1 (NSG) 
mice to induce tumor formation. About 4 weeks 
after injection, when palpable tumors appear, con- 
stitutive expression o knockdown of H1.0 was 
{induced and sustained for ~4 weeks while tumors 
grew (Fig. 24). Although analysis of control tumors 
expressing enhanced green fluorescent protein 
(EGFP) showed efficient in vivo induction of the 
Dox-responsive construct (five out of five fluo- 
rescent tumors) (fig. S8F), when H1.O was ex- 
pressed, only 4 out of 11 induced tumors showed 
higher HLFO mRNA levels compared with the 
uninduced tumors (Fig. 3, B and C). This was 
not due to inefficient Dox delivery to the tumors, 
because dissociated tumor cells also failed to 
induce H1.0 in vitro (fig. $8, G and H), and sug- 
gested that cells expressing constitutively high 
levels of HILO were negatively selected during 
tumor growth, similarly to what we observed 
in vitro. As a control, treatment of tumors with 
Dox for only 3 days resulted in detectable expres- 
sion of exogenous H10 in four out of four tumors 
(Fig. 3B and supplementary text). In contrast, 
‘when HO knockdown was induced, no negative 
selection was observed and all Dox-treated tumors 
contained high pereentages of cells expressing 
HLO-targeting shRNAs (9/9) (fig. 881). Thus, con- 
stitutively high levels of H1.0 appear to inhibit 
the long-term proliferative potential of cells 
within tumors. 

‘To directly assess whether modulation of HO 
levels affects tumor organization, we first mea- 
sured the relative abundance of cells expressing 
markers of an undifferentiated (SSEAT' /CD166"*") 
ora differentiated (SSEAT /CD166") phenotype 
(5) in uninduced and induced tumors (Fig. 3D). 
‘Constitutive expression of HILO resulted in a sig- 
nificant decrease in the fraction of undifferentiated 
tumor cells (P = 0.039) and a concomitant increase 
in differentiated cells (P = 0.005) in the tumors 
showing increased 10 levels (Fig. 3E). Further- 
more, the percentage of self renewing tumor cells, 
as measured by clonogenic assays in vitro, was, 
~2-fold lower in induced tumors (P = 0,045) (Fig. 
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3, Eand F). Asa control, expression of H1.4 had no 
significant effect on tumor organization (fig. S9A). 
Conversely, when knockdown of H10 was in- 
duced to prevent its accumulation in differ- 
centiated cells, the percentage of undifferentiated 
tumor cells significantly increased (P = 0.005), 
the fraction of differentiated cells decreased ( 
0.007), and tumors contained ~2-fold more self- 
renewing cells (P = 0.044) (Fig. 3G fig. S9D, and 
supplementary text). In agreement, tumors ex- 
pressing constitutive H1.0 showed a lower frac~ 
tion of mitotie cells, whereas tumors in which 
HLO had been knocked down had a higher mitotic 
index (fig. $9, B and C). Limiting dilution trans- 
plantation assays for secondary tumor formation 
confirmed the altered self-renewal ability of eancer 
cells in vivo, showing a lower frequeney of tumor- 
igenie cells in primary tumors constitutively ex- 
pressing HLO and a higher frequency in tumors 
where HILO had been knocked down (Fig. 3H, 
supplementary text, and table $2). In line with 
the notion that even moderate changes in the 
fraction of self-renewing cancer cells strongly 
affect long-term tumor growth (18, 25, 26) (sup- 
plementary text), transplantation of cells from 
primary tumors constitutively expressing HO 
resulted in significantly delayed appearance of 
secondary tumors compared with control tumors 
(P < 0.01), whereas faster growth was observed 
upon transplantation of shH1L0-expressing cells 
(P< 0.01) (ig. 31). Orthotropie transplantation 
assays using multiple breast cancer cell lines con- 
firmed these results. Forced expression of HO 
cDNA in MDA-MB-231 or HCC1954 cells specif- 
ically impaired tumor growth, whereas knockdown 
of the endogenous protein in MDA-MB-231 or 
HCC-1569 cells resulted in more aggressive tumors 
(Fig. 3, J and K), Furthermore, analysis of Dox- 
induced tumors showed partial negative selection 
of Hi0"*" cells, confirming the negative impact 
of H1.0 on cell long-term proliferative potential 
(Gg, $8, J and K), We conclude that HO silencing 
is required for the ability of cancer cells to self- 
renew and that its reexpression in subsets of cells 
uring tumor growth contributes to driving their 
differentiation and restricting their proliferative 
potential, 


Derepression of adenine-thymine (AT)-rich 
genes sustains cancer cell self-renewal 

‘To understand how H10 affects cancer cell self- 
renewal, we employed two inducible shRNAS to 
knock down H10 in transformed cultured cells, 
and compared the transcriptional profiles of three 
cellular states by RNA-seq: uninduced cells ex- 
pressing H10 (NT); cells induced with Dox for 
4 days, which down-regulated H10 similarly to 
self-renewing SSEAI” tumor cells (DOX); and cells 
washed out of Dox for 4 days, which began to 
reexpress HO and mimicked differentiated SSEAT 
tumor cells (washDOX). Comparison between NT 
and DOX samples detected 860 differentially ex- 
pressed genes (DEGs) [false discovery rate (FDR) 
< 0.05] upon H10 knockdown by both shRNAS 
(475 up-regulated and 385 down-regulated) (table 
‘$3 and fig. S10, A to C). The extent of gene ex- 
pression changes was moderate, with only 25 genes 
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showing >2-fold changes (table $3), but differences 
were highly consistent and reversible upon HO 
reexpression (fig. S10, C and D). Quantitative re- 
‘verse transcription polymerase chain reaction (qRT- 
PCR) analysis confirmed differential expression 
of genes detected by RNA-seq and showed that 
HLO-sensitive genes did not respond to H14-knock- 
down (fig. SIOE). 

‘To identify H10-sensitive genes important for 
cancer cell self-renewal, we compared the iden- 
tified DEGs with a gene signature (132 genes) de- 
fined by comparing self-renewing SSEAI” and 


1.5 x 10), indicating that a significant fraction 
of genes defining the subset of self-renewing 
tumor cells, particularly those up-regulated, are 
regulated by HO (Fig, 4A), Gene set enrichment 
analysis (GSEA) confirmed that genes up-regulated 
‘upon H10 knockdown were particularly relevant 
for cancer cell self-renewal ability (Fig. 4B). Several 
‘oncogenic gene signatures were enriched in the 
subset of up-regulated genes, including signatures 
related to the activation of the oncoproteins KRAS, 
EGFR, and RAF! or to the inactivation ofthe tumor 
suppressor PTEN (Fig, 4B), Furthermore, gene sig- 


type, Thus, loss of H1L0 results in activation of 
downstream effectors of multiple oncogenic and 
self-renewal cellular pathways. Interestingly, these 
genes are not randomly distributed in the genome 
but are enriched in AT-tich regions (fg. SILA) 
GSEA also revealed linear proximity of H1.0- 
sensitive genes along chromosomes. Of 296 po- 
sitional gene sets, corresponding to genes located 
in individual chromosomal cytogenetic subbands, 
75 were enriched in DOX samples, using either H.0- 
targeting shRNA, indicating overall up-regulation 


differentiated SEAT cells from multiple tumors 
(table $4) 25). About 30% of genes expressed at 
higher levels in SEAT" cells underwent up- 
regulation upon H1LO knockdown (P< 10 x 10), 
‘whereas 10% of genes down-regulated in SEAT” 
cells showed lower levels in cells lacking H10 (P = 


nents EZH2, 


° 


natures important for stem cell maintenance, such 
as those related to the Polycomb complex compo- 
, BMI, and SUZI2 (27), were also 
enriched among up-regulated genes (Fig, 4B). Based 
‘on GSEA, down-regulated genes did not seem to 
substantially contribute to the self renewing pheno- 


‘of genes located in those bands upon 1.0 knock- 
down, Conversely, 37 bands negatively correlated 
with the DOX samples, indicating overall gene 
down-regulation (Fig. 4C; fig. SIL, Band C; and 
table $5). In agreement, analysis of the distribution 
of gene expression fold changes between NT and 
DOX samples (see methods) showed that domains 
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of up-regulated genes altemated with down-regulated 
regions along chromosomes (Fig. 4D). The differ- 
entially expressed domains contained up to 365 
genes over several megabases (average genes per 
domain = 30) (fig. SHE). A similar profile was 
observed 24 hours after Dox induetion, when HLO 
levels began to decrease, indicating that transerip- 
tional changes occur rapidly upon H1.0 loss (ig. 
Si, F and G). Reexpression of HO in washDOX 
samples, mimicking what happens in differentiated 
tumor cells, restored transcriptional profiles similar 
to those detected in uninduced NT samples (Fig. 
48 and fig. SUI, F and G), indicating that gene 
expression changes induced by HO silencing 
are reversible. 

Up-regulated domains were enriched in AT- 
rich chromosomes, such as chromosome 4 (chr.4), 
chr5, and chr.18 [average guanine-cytosine (GC) 
content <0.40}, whereas down-regulated domains 
mainly localized in GC-rich chromosomes such as 
chr.17, chr19, and chr22 (average GC content 
>0.45) (28) (Fig, 4D). In agreement, individual 
up-regulated genes had significantly lower GC 
content compared with all Reference Sequence 
(RefSeq) genes (median %GC: 0.40 versus 0.45, 
P< 10x 10) or down-regulated genes (median 
96GC: 0.40 versus 0.53, P < 10 x 10") (Fig. 4), 
even though the two groups of H1LO-sensitive genes 
contained a similar proportion of CGL-containing 
genes (fig. SID). We conclude that cells lacking 
HO undergo genome-wide changes in gene ex- 
pression, affecting large gene domains in a co- 
ordinated manner. In particular, up-regulation 
ofsets of neighboring AT-rich genes mediating 
oncogenic cellular responses and stem cell main- 
tenance contributes to the activation and main- 
tenanee of transeriptional programs that support 
uncontrolled self-renewal, These effects are re- 
versible, and reexpression of H10 reestablishes 
gene expression profiles that restrict cell tumor- 
igenie potential. 


Destabilized nucleosome-DNA 
interactions in self-renewing cancer cells 


‘To map genomic regions bound by H1.0 before 
its down-regulation in self renewing tumor cells, 
we performed ChiP-seq analysis of transformed 
cultured cells. About 120,000 H1.0 peaks were 
consistently detected in two biological replicates 
(fig. S12, A to C, and table $6), using an HLO- 
specific antibody (fig. $7, C to E). ChIP-qPCR con- 
firmed accurate detection of HILO peaks (fig. SI2E). 
HO binding sites positively correlated with the 
histone mark H3K27me3 (Fig. 5A and fig. $12, B 
and D). No significant correlation was observed 
between HO binding profiles and maps of topo- 
logical associating domains (TADs) (29) (fig. SI2D). 
HO binding sites were enriched in GC-rich chro- 
miosomes and at GC-rich genes (fig. S12, F and G), 
and H10 peak density showed a tight linear re- 
lationship with GC content in regions with >40% 
GC (R = 0.86) (Fig. 5B), indicating that GC con 
tent is a major determinant of 1.0 binding sites. 
“Megabase-scale density plots of H1.O binding sites 
along chromosomes allowed visualization of the 
correlation between HILO occupancy, GC content, 
and eytogenetic bands (Fig. 5C and fig. SI3A). In 
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line with the notion that nucleosomes are overall 
enriched in GC-rich genomie regions, H10 oc- 
‘cupancy also correlated with nucleosome den- 
sity (90, 31) (fig. SI2H), We conclude that large- 
seale HLO binding profiles are mainly determined 
by DNA sequence, which affects the broad dis- 
tribution of nucleosomes. Of note, AT-tich regions 
characterized by low H1LO peak density contain 
the selfrenewal-related genes up-regulated upon 
HILO knockdown (Fig. 5C and fig. S13A). 

‘To gain insights into how H1O loss results in 
up-regulation of AT-rich self-renewal-related 
genes, We examined HILO occupancy around their 
‘TSSs, Although up-regulated genes were bound 
by HO at overall low density (Fig, 5, D and E), 
similar to the pattern observed at other AT-rich 
regions, H1.0 binding sites were highly enriched 
around the TSS (Fig. 5, F and G and fig. S12,J to L). 
In contrast, all RefSeq genes and genes down- 
regulated upon H1O knockdown showed an aver- 
age depletion of H1.0 binding sites around the 
‘TSS (Fig. 5F and fig. S12, J to L). Similar patterns, 
with enhanced differences, were observed when 
analyzing the positional gene sets identified as 
up-regulated by GSEA (fig. S13, B to D). Together 
with the notion that A'-rich regions may be ther- 
modynamically unstable when wrapped around 
nucleosomes (32, 33), this observation suggests 
that 11.0 may repress the AT-rich, selfrenewal- 
related genes by stabilizing nucleosomes at their 
promoters, To test this possibility, we assessed 
‘changes in genome-wide nucleosome occupancy 
induced by H1.0 loss by formaldehyde-assisted 
isolation of regulatory elements-sequencing (FAIRE 
seq) (24), which allows detection of nucleosome- 
depleted regions irrespectively of DNA GC content 
(35, 36) (fig. SHA). Up-tegulated genes specifically 
showed inereased FAIRE signal around the TSS 
upon H10 knockdown using two independent 
H1LO-targeting shRNAs, indicating decreased nu- 
cleosome occupancy (Fig. 5H and figs. SI3E and 
SM, B and C). Similar pattems were observed at 
distal regulatory regions of H1.O-sensitive genes, 
identified by comparing an H3K27ae map with 
an atlas of human enhancers (27) (see methods 
and fig. SH, F and G). Asa control, knockdown of 
HL4, which was depleted at H1.0-sensitive genes 
(fig. S120), only induced minimal changes in pro- 
‘moter nucleosome occupancy (fg. SHH), which 
did not translate into changes in gene expression 
(fig. SIOE). Nucleosome remodeling in the absence 
‘of 110 did not correlate with increased occupancy 
of other nucleosome-binding architectural proteins, 
such as HMGA1, HMGN2, and PARP! (fig. S15). 

In agreement with H10 distribution, genom 
wide analysis of differential FAIRE peaks indi 
cated that altered nucleosome occupancy in the 
absence of H1LO depends on GC content, both ata 
‘global and local scale. In GC-rich domains [aver- 
age GC content per 500 base pairs (bp) >0.45], 
most detected nucleasome-depleted regions were 
stable and unaffected by H1.O knockdown (con- 
stitutive FAIRE peaks, table S6), and only ~25% 
cither appeared or disappeared as a consequence 
of altered nucleosome occupaney (Fig. 51). In 
contrast, in AT-rich domains (average GC content 
‘per 500 bp <0.45), ~50% of detected nucleosome- 


depleted regions showed altered nucleosome 
‘occupancy, indicating that nucleasome-DNA inter- 
actions in AT-rich regions become particularly 
‘unstable in the absence of HLO (Fig, 51). Further- 
more, nucleosome-depleted regions appeared in 
DNA regions with local minimal GC content, 
whereas they disappeared from regions of local 
maximal GC content, suggesting that nucleosomes 
forced to occupy regions with higher AT content, 
in the absence of H10 moved to locations with 
higher GC content (Fig. 5 and fig. SM4D).. 

‘Mapping of H3K27ac and H3K27me3 by ChIP- 
seq indicated that altered nucleosome occupancy 
{induced by H1L0 loss was uncoupled from changes 
in histone modifications. Most appearing or dis- 
appearing FAIRE peaks were located within non- 
acetylated chromatin (fig. SME), suggesting that 
alterations in nucleosome occupancy were not a 
consequence of transcription. Furthermore, up- 
regulated self renewal-related genes did not show 
significant differences in H3K27ac and H3K27me3 
at their promoters upon H10 knockdown com- 
pared with down-regulated genes (P > 0.05) (Fig. 
5K), indicating that changes in gene expression 
‘were a direct consequence of altered nucleosome 
‘occupancy. Taken together, these results suggest 
that loss of H10 destabilizes nucleosome-DNA in- 
teractions in AT-tich genomic regions and inereases 
accessibility to regulatory elements important 
for cellular self-renewal. 


Low HIFO levels predict negative patient 
‘outcome in multiple cancer types 

‘To assess the clinical relevance of H10 alter- 
ations, we examined whether HZF0 levels strat 
cancer patients. Kaplan-Meier and multivariate 
analysis of three GBM data sets showed a sig- 
nificant correlation between low H1IF0 levels and 
negative patient outeome (P < 0.05) (Fig. 6A and. 
fig. S16C), revealing a prognostic value for HIFO. 
Low HIRD levels also predicted poor patient prog- 
nosis in three BRCA data sets (Fig. 6B). Impor- 
tantly, IFO correlated with BRCA patient survival 
independently of estrogen receptor (ER), proges- 
terone receptor (PR), erb-b2 receptor tyrosine kinase 
2 (Her?) and lymph node status and effectively 
stratified patients typically associated with negative 
‘outcome (ER- or PR-negative and lymph node- 
positive patients) (P < 0.05) (fig. $16, A and C). 
Furthermore, HIF0 expression showed no sig 
nificant association with breast cancer subtype, 
which strongly affects patient outcome (fig. SI6B). 
Analysis of 17 other types of cancers using TCGA 
data sets showed a significant correlation between 
low HIFO levels and poor patient prognosis also 
in melanoma (SKMO) liver cancer (LIHO), kidney 
‘cancer (KIRP), and low-grade glioma (LGG), in- 
dependently of other clinically relevant features 
(Fig. 6C and fig. S16C). As controls, other H var- 
iants either did not stratify patients or correlated 
with patient survival in an opposite manner com- 
pared with H1F0 (fg. S17). Thus, alterations in HLO 
levels are clinically relevant in multiple cancer types. 


Discussion 
Heterogeneity among cancer cells within individual 
tumors has emerged as a general feature of cancer, 
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with critical implications for cancer diagnosis and 
treatment (4, 9). Increasing evidence points to the 
existence of both genetic and nongenetic sources 
of intratumor heterogeneity (4, 5, 14, 97, 38), but 
the molecular features underlying functionally 
diverse cellular phenotypes have been elusive, 
Cell-to-cell signaling pathways, such as Wnt, 
‘Teffi, and Notch pathways, have been shown to 
play critical roles in driving functional heteroge- 
neity within tumors (38), but very little is known, 
about the downstream, cell-intrinsie mechanisms 
that translate signaling into differential cell fune- 
tion, Here, we show that distinct epigenetic states, 
determined by an integral component of chro- 
‘matin, define cellular subpopulations that differ- 
entially contribute to tumor maintenance. The 
observation that experimental modulation of 
epigenetic states affects the balance between self- 
renewing and differentiated cancer cells dem- 
onstrates that chromatin-based mechanisms me- 
diating differentiation programs play a key role 
in specifying tumor organization and affecting 
tumor maintenance. In line with the notion that 
epigenetic mechanisms acting during tumor 
growth may be dominant over genetic alterations 
that initiate the disease (37, 39), we show that 
subsets of cells that stably silence HILO preserve 
their ability to proliferate indefinitely, whereas 
cells that reexpress the protein and, as a con- 
sequence, repress oneogenie gene networks acquire 
a differentiated phenotype characterized by limited 
proliferative potential. Reversible changes in HO 
levels may be due to interactions of cancer cells 
with the tumor microenvironment (38). In line 
with this notion, 11.0 expression responds to a 
variety of extracellular cues, many of which are 
associated with cellular differentiation (40, 41) (fig 
S4D). It is likely that, at least in the early stages 
of tumor development, cancer cells may be ex- 
posed to differentiation stimuli that support 
normal tissue homeostasis, and subsets of cells, 
may respond to such stimuli, changing their epi 
genetic landscape, partly through H1LO and losing 
self-renewal potential. Thus, H1.O may act as a 
downstream effector of extracellular signaling 
inhibiting cancer cell self-renewal. 

(Our results suggest that numerous cancer types 
may share similar epigenetic heterogeneity. Nu- 
merous solid tumors show heterogeneity of HLO, 
and a regulatory region within the HIKO gene 
shows variable degrees of DNA methylation in 
26 types of cancers, correlating with IFO expres- 
sion levels. Furthermore, low HIFO levels are in- 
dependent predictors of poor patient outeome 
in six prevalent cancer types. Importantly, the 
‘molecular mechanism through which HLO restricts 
cell proliferative potential is largely dependent 
on DNA sequence and GC content, suggesting 
that changes in HO levels may have similar 
consequenees in various cell types. We show 
that silencing of E110 supports cancer cell self- 
renewal by inducing simultaneous derepression 
of downstream effectors of oncogenic and stem 
cell-related pathways located in AT-tich genomic 
regions. AT-rich regions are known to poorly 
incorporate into nucleosomes, partly because 
oftheir inherent relative rigidity and difficulty 
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to bend around the core histone particle (30-39). 
‘Thus, it is conceivable that AT-rich regions may 
be particularly dependent on the linker histone 
to stabilize nucleosome positioning at unfavorable 
sequences, especially when nucleosomes are 
forced to occupy promoters of genes that must 
be repressed. Indeed, we find lower nucleosome 
‘occupancy at AT-rich gene promoters in the absence 
of HO, correlating with enhanced transcription. 

In conclusion, our results uncover epigenetic 
determinants of tumor-maintaining cells and 
identify an integral component of chromatin as 
an important regulator of cell differentiation states, 
within tumors. We propose that only cells in- 
sensitive to extracellular differentiation cues, 
capable of permanently silencing H1.0, can act 


as self-renewing tumor-maintaining cells and 
that such a mechanism supports maintenance 
of several types of cancer. Our results suggest 
that intervention aimed at restoring high levels 
of H10 in all cancer cells may enhance the dif- 
ferentiation process that naturally occurs during 
tumor growth and may be beneficial for ther- 
apeutie purposes. 


Materials and methods summary 

Cell lines and constructs 

Growth conditions of all cell lines used in the 
study are listed in table S7. Inducible cell lines 
‘were generated by introducing lentiviral constructs 
(original or modified pTRIPZ, Open Biosystems) 
expressing specific cDNAs or shRNAs, or control 
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Fig. 6. Low HIFO levels correlate with low patient survival in multiple cancer types. (A to C) Kaplan: 


Meier analysis of the indicated data sets showing signi 
survival, P value from log-rank test. Multivariate analysi 
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icant correlation between HIFO levels and patient 
is is shown in fig S16. 
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plasmids into in vitro-transformed fibroblasts 
(25) or breast cancer cells lines. All cancer cell 
lines were sourced from the Crick Institute common, 
repository, authenticated by STR profiling, and 
tested for mycoplasma, Cell proliferation rate 
‘was measured using the 96 Aqueous One Solution 
Kit (Promega). For details on cell lines generation, 
see the supplementary materials (SM). 


Patient samples 


Normal brain and GBM (grade 4 astrocytoma) 
tissue sections were obtained from the Whittington 
tissue bank (UCL license number: 12055, three 
normal and four tumors) and from US Biomax 
(tissue microarray GL806b). All other tissue sec- 
tions were obtained from US Biomax (tissue micro- 
arrays: BR1053b, BCN962). Single-cell RNA-seq 
data of GMB tumors was downloaded from GEO 
series GSE57872 (2). DNA methylation and sur- 
vival analysis were performed using TCGA data sets, 
For details on patients used in the study, see SM. 


Protein immunodetection 


Western blot analysis, flow cytometric analysis, 
coll sorting, and immunofluorescence microscopy 
of cultured or sorted tumor cells were performed 
as previously described (15) using anti-H1.0 
(Millipore, raised in mouse, clone 3H9, 1:300, 
originally produced in M. Bustin’s laboratory) (42) 
and other antibodies detailed in SM. Recombi- 
nant proteins were purchased from Peprotech, 
Quantification of the fluorescent signal was per- 
formed using Metamorph software or with HCS 
Studio Cell Analysis Software. For details about 
staining procedures, see SM. 


Tumorigenicity assays 

‘Tumor formation in NSG mice, tumor dissocia- 
tion, limiting dilution transplantation assays, soft 
agar assays and proliferation assays were per- 
formed as previously described (15). For experi- 
‘ments requiring in vivo modulation of HI variants 
in established tumors, cells infected with inducible 
constructs were injected intradermally into NSG 
‘mice (2000 transformed cells and 100,000 hTERT- 
fibroblasts as carrier cells) in the uninduced state 
to induce tumor formation (10 injections per con- 
dition), When tumors first heeame palpable, typical- 
Wafter 4 weeks, doxyeycline treatment (2ug/ml 
Dox in drinking water supplemented with 19% 
sucrose, changed every 2 to 3 days) was started 
and sustained for about a month until tumors 
were collected and analyzed as detailed in SM, 
Animal studies were conducted in agreement with 
the approved NCI animal protocol LRBGE-007 and 
the Crick project license PPL 70/8167. 


DNA methylation analysis 


For bisulfite sequencing analysis, genomic DNA 
‘was treated for bisulfite conversion using EZ DNA 
Methylation-Direct Kit (Zymo researeh) according 
to the manufacturer’ instructions, Three regions 
of HiFO (CGL1, CGI_2, and CGIshore) were am- 
plified by PCR (primer sequences in table $8) 
from bisulfite-treated DNA and cloned into pCR 
2.1 Topo vector. 15 to 20 colonies were sequenced 
for each region, For 5-Aza-2~leoxveytidine (5-Aza) 
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treatment, SSEAY* cells isolated from a tumor 
‘were treated with 5nM 5-Aza (Sigma) or DMSO 
asa control (Fisher Chemical) for up to 14- days. 
Higher concentrations of 5-Aza were toxic to 
the SSEAI+ cells, For analysis of TCGA samples, 
gene expression (Illumina HiSeq RNA-seq) and 
DNA methylation (Illumina 450K Infinium anal- 
ysis) data sets from individual cancers down- 
loaded from the UCSC Cancer browser https:// 
‘genome-canceruescedu were analyzed as detailed 
in SM. 


CGI shore functional assays 


Luciferase assays were performed using the 
‘Nano-Glo Dual-Luciferase reporter assay system 
(Promega) comparing the HIFO CGI shore and 
‘two previously published DNA fragments showing 
no transactivation potential (21, 43). Deletion 
of the endogenous H1F0 CGI shore was carried 
out by CRISPR-Cas9-mediated genome editing 
‘using two sgRNAs flanking the CGI shore (table 
$8). Clones with homozygous deletions of the 
HIFO CGI shore were analyzed by qRT-PCR using 
primers located downstream of the deletion. For 
heterozygous clones, allele-specific primers prob- 
ing either the deleted or the full-length mRNA 
‘were used (table $8). To induce targeted meth- 
ylation of the endogenous #770 CGI shore, cells 
‘were transiently transfected with plasmids encoding 
either WT or ANV mutant Cas9-DNMT3A (22) 
and a pool of four sgRNAs targeting H1F0 CGI 
shore (table $8), For details on luciferase assays 
and CRISPR-mediated alterations of the HIFO 
CGI shore, see SM. 


RNA-seq analysis and GSEA 


RNA libraries prepared using ‘TruSeq Stranded 
‘Total RNA-Seq Library Prep (Illumina) were se- 
‘quenced on a HiSEq. 2500 sequencer (table $6). 
Differentially expressed genes were defined as 
those showing statistically significant differences 
(FDR <0.05) using both H1L0-targeting shRNAS. 
‘Genome-wide expression plots were generated 
using similar methods to those described in (44). 
Deviation from random distribution was calcu- 
lated on raw, unsmoothed data by performing a 
‘Monte Carlo simulation in which genes where 
randomly shuffled along chromosomes (1000 
srations). GSEA was performed using GSEA soft- 
‘ware (version 2.10, Broad Institute). FPKM values 
for NT and DOX samples were provided to the 
algorithm and tested for enrichment of oncogenic 
signatures from the MSigDB or custom-made 
positional gene sets generated based on RefSeq 
genes and cytogenetic sub-bands coordinates 
downloaded from the UCSC genome browser. 
For details on RNA-seq analysis, GSEA, and val- 
idation by qRT-PCR, see SM. 


ChIP-seq analysis 
ChIP was performed on in vitro-transformed 
fibroblasts using an anti-H10 antibody (Millipore, 
(05-629, originally generated in M. Bustin’s labo- 
ratory) (42), and other antibodies detailed in SM. 
‘Multiplexed libraries were sequenced on a HiSE. 
2500 using either 50-bp single end or 101-bp paired- 
read runs (table $6). Peak detection for HILO was 


performed with a custom-made algorithm as 
detailed in SM. 


FAIRE-seq analysis 

Cells were processed and analyzed as previously 
described (45). FAIRE peaks were called using 
‘MACS-2.0.10 in paired-end mode using broad 
settings with a bandwidth of 300 bp, normalizing 
each sample to its own background as described 
(48). The top 100,000 peaks (based on adjusted P 
value) were selected for each replicate, and those 
‘common to both (with a 20% reciprocal overlap) 
‘were selected for downstream analysis. Differen- 
tial FAIRE peaks analysis was performed using 
DiffReps (46). For details on FAIRE-seq analysis, 
see SM. 


Survival analysis 


Survival analysis was performed on all TCGA 
data sets containing more than 200 patients. 
Patients were ranked based on HIFO expression, 
and the top and bottom tertile were compared 
with respect to vital status by Kaplan-Meier anal- 
ysis. Log-rank test was used to assess statistical 
Significance of the differences between patient 
groups. Additional data sets for GBM and BRCA 
‘were analyzed as validation. Multivariate analy- 
sis and chi-square tests were performed to assess 
the relationship between H10 and other clinically 
relevant features. For details on the survival 
analysis, see SM. 


Statistical analysis 


Unless otherwise stated in figure legends, data 
are presented either as individual samples or as 
mean + standard error of the mean (SEM) of 
multiple replicates, with N indicated in the figure 
legend. In box plots, the boundary of the box 
closest to zero indicates the 25th percentile, a 
line within the box marks the median, and the 
boundary of the box farthest from zero indicates 
the 75th percentile, Whiskers (error bars) above 
and below the box indicate the 95th and sth 
percentiles. Outliers are plotted as dots. The stat- 
istical test used for each comparison, whether 
adjustment for multiple corrections was per- 
formed, and the P value are indicated in the 
corresponding figure legends. 
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GEOPHYSICS 


High-resolution lithosphere viscosity 
and dynamics revealed by 
magnetotelluric imaging 


Lijun Liu’* and Derrick Hasterok* 


An accurate viscosity structure is critical to truthfully modeling lithosphere dynamics. Here, 
we report an attempt to infer the effective lithospheric viscosity from a high-resolution 
magnetotelluric (MT) survey across the western United States. The high sensitivity of MT 
fields to the presence of electrically conductive fluids makes it a promising proxy for 
determining mechanical strength variations throughout the lithosphere. We demonstrate how 
a viscosity structure, approximated from electrical resistivity, results in a geodynamic model 
that successfully predicts short-wavelength surface topography, lithospheric deformation, and 
mantle upwelling beneath recent volcanism. We further show that this viscosity is physically 
consistent with and better constrained than that derived from laboratory-based rheology. We 
conclude that MT imaging provides a practical observational constraint for quantifying the 
dynamic evolution of the continental lithosphere. 


uring the last decade, progress in both 
seismic imaging (1, 2) and geodynamic 
modeling (3, 4) produced many useful 
insights into the large-scale dynamics of 
the continental lithosphere. However, the 
driving forces for fine-scale (<200-km) tectonic 
processes, such as those within the western United 
States, remain heavily debated (5-10). Large- 
scale deformation generally results from man- 
tle convection-induced sublithospheric stress, 
such as dynamic topography and mantle trac- 
tion (8, 4, 7, 10-12). Consequently, the existing 
debate on the fine-scale tectonie deformation 
is largely due to the uncertain lithospheric buoy- 
aney and viscosity structures, Fortunately, recent 
geophysical measurements constrain the density 
distribution of the crust and mantle lithosphere 
very well (3, 14). However, the detailed viscosity 
structure of the lithosphere still remains poorly 
understood, 

‘Taking the western United States as an ex- 
ample, its lithospheric density structure could 
be derived from multiple geophysical observa- 
tions, including seismic velocity and heat flow 
measurements (15), as well as the geometry of 
lithospheric discontinuities (74). In contrast, the 
spatial pattern of lithospheric viscosity is more 
difficult to infer observationally because of the 
intimate involvement of time. Previous attempts 
included matching geodetic deformations with 
gravitational potential energy (GPE), by assum- 
ing either isostatic equilibrium (9) or considering 
large-scale mantle convection (10), and fitting the 


‘Department of Geology, Univesity of ints at Urbana: 
Champaign, Champaign. IL 61820, USA. ‘Department of 
Earth Sciences, University of Adelaide, Adelaide, South 
Australia 5005, Australia, 

*Corresponding author. Emal: luBilinois edu 


SCIENCE. sciencemag.org 


postseismic relaxation of earthquakes (15). How- 
ever, considerable discrepancies still exist among 
these inferred lithosphere viscosity structures. 

Magnetotellurie (MT) imaging represents a 
promising and independent approach to inferring 
a detailed lithospheric viscosity structure. This 
approach builds on direct geophysical and geo- 
logical observations, requiring no a priori assump- 
tions about lithospheric dynamics, Changes in the 
physical state that alter electrical conductivity 
generally affect viscosity as well, which allows 
1us to use MT sounding to investigate the spatial 
Aistribution of viscosity. In reality, the viscosity 
depends on temperature, strain rate, grain size, 
and composition (16-27). Among these, composi- 
tional effects, specifically trace amounts of water 
and melt, are the most difficult to determine, but 
play a crucial role in the reduction of strength 
(27). Fluids, including melts, accumulate in re- 
gions of strong deformation (77). The presence 
of melts greatly reduces rock strength while en- 
haneing electrical conductivity (18). Hydration 
of nominally anhydrous minerals also increases 
electrical conductivity ((22) and references therein}. 
Likewise, laboratory experiments on major min- 
erals (eg, olivine, pyroxene, and garnet) indicate 
‘weakening in the presence of water (19-21). 

We established a theoretical framework be- 
‘tween electrical conductivity and viscosity based 
on their similar controlling factors. Effective vis- 
cosity is the ratio of stress to strain rate, n = oé", 
where ors stress and é is the strain rate. A general 
form of this relation is 


q=oet 


= {a"cfn0"*e( or} a 


where d is grain size; Con, water fugacity; Z* and 
V+, activation energy and activation volume, re- 


spectively; P and 7; pressure and temperature, 
respectively; R, the ideal gas constant; and A, 7, 
7, and r, all laboratory-derived parameters (23). 
"The electrical resistivity model takes a similar form 


p= {cre 


where the parameters are also like those in 
Eq. 1 (24). 

Using Eq, 1, one could first estimate stress (a), 
independent of viscosity, from local buoyancy var- 
iations (3-8) and/or far field mechanical conditions 
(9, 10, 15). One could then numerically calculate 
the accurate stress, including that induced by lith- 
osphere deformation for a given viscosity strue- 
ture. In contrast to the viscosity formulation, 
the omission of grain size in the formulation 
for resistivity (Eq. 2) could likely be naturally re- 
stored in the structural information of MT sound- 
ing (Fig. 1), as demonstrated below. Consequently, 
‘we suggest, using the similarity between Eqs. 1 and 
2, that electrical resistivity is positively come 
lated with effective viscosity (p °° 1). Previous 
conceptual models of rifting that highlight varia- 
tions in strain appear to mimic patterns seen in 
the midcrustal electrical conductivity under sim- 
ilar circumstances (25). We propose that these 
high-conduetivity patterns (Fig. 1, A and B) also 
represent low-viscosity regions owing to conse- 
quences of past deformation of the continental 
lithosphere. 

We think that the above theory and obser- 
vations support using MT images as a proxy 
for mechanical strength throughout the litho- 
sphere. However, we recognize several difficul- 
ties limiting the direct application of the above 
relations in accurately estimating viscosity. First, 
large uncertainties in laboratory models result 
in large uncertainties in viscosity. Second, devel- 
oping a rigorous model is restricted by additional 
uncertain factors, such as composition and grain 
size. Third, MT models do not yield precise esti- 
mates of the absolute conductivity, as they are 
sensitive to conductance (the product of condue- 
tivity and thickness) and are insensitive to the 
resistivity of resistors. Furthermore, the spatial 
sensitivity of magnetotellurics to electrical con- 
uctivity variations with depth and the smooth- 
ing effect due to inversion cannot capture the 
true scale of viscosity variations, With these un- 
certainties in mind, we processed the MT image 
in a way similar to that in which seismic tomog- 
raphy is converted into density anomalies (2, 3). 
We converted the resistivity structure into a 
viscosity profile using an empirical relation, 


(2) (3) 
20, 

Where nis effective viscosity; no, reference vis- 
cosity (10" Pass): p, apparent resistivity; py. 
reference resistivity (10° © m); and Cy and Ci, 
numerical coefficients. Because of the unknown 
values of Co and C;, both the regional average 
and maximum contrast ofthe viscosity structure, 
controlled by these two respective coefficients, 
are uncertain. Subsequently, we updated these 
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coefficients and, thus, viscosity properties using 
observational constraints, including surface to- 
pography and intraplate deformation. Overall, 
‘we looked for an effective lithospheric viscosity 
structure resembling the spatial pattern of the 
MT image that satisfies the available constraints. 
For simplicity and to show the effectiveness of the 
technique, we limited ourselves to a two-variable 
problem where Cy and C; are constant over space. 

We used a recent high-resolution MT inver- 
sion for the tectonically active western United 
States (25) and estimated the lithospheric buoy- 
aney by considering thermal and compositional 
effects. The thermal structure was estimated 
from surface heat flow by solving for a two- 
dimensional (2D) steady-state thermal diffusion 
problem with the observed heat flow as the upper 
boundary condition (Fig. 2 and fig. S1). We as- 
sumed that the 1350°C isotherm approximately 
follows the 100 2 m contour of the apparent 


A 18 


resistivity (Fig. 1B) (26). The compositional buoy- 
ancy of the continental crust was approximated 
using the recent estimate on Moho depth (14), 
highlighting thicker crust beneath the Colorado 
Plateau (CP) than the Fastern Great Basin (EGB) 
and the Transition Zone (TZ) (Fig. 2). A uniform 
crustal density of 2850 kg-m™ was adopted for 
the study region (27). 

We verified the resulting lithospheric den- 
sity structure with both analytical and numer- 
ical solutions (Fig. 2B). By assuming a simple 
viscosity profile with only depth-dependence, 
similar to traditional geodynamie models (2-4), 
‘we found that the topography contribution owing 
to crustal buoyancy (orange line in Fig. 2B) is 
a mirror image of the Moho (magenta line in 
Fig. 20), consistent with Airy compensation. The 
resulting topographic relief owing to thermal 
buoyancy (blue line in Fig. 2B) also resembled 
that from a recent global geodynamie model (4), 
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Fig.1. Geophysical characteristics of the Basin and Range and Colorado Piateau. (A) Shaded topography, 
surface heat flow interpolated trom the global heat flow database (13), crustal thickness estimated by seismic 
receiver functions (14), MT station locations, and late Cenozoic volcanism. (B) Inverted resistivity model trom 
(25), along the 2D profile shown in (A). The vertical gray bars at the surface represent MT stations. 
Note the correlation of faults and weak zones with low resistivity and that of cratonic lithosphere with 
high resistivity. 
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a resemblance that validated our calculation, 
‘More important, the predicted total topography 
also matched a smoothed version of the observed 
topography. We note that the regional model 
‘used here could not properly reproduce the base- 
line topography of the region because of the 
undefined sea level. 

‘This model (Fig. 2), although it satisfied the 
smooth profile of surface topography, failed to 
reproduce the westward block motion (3 mny/year) 
of the EGB relative to the CP (Fig, 2A), as revealed 
geodetically (28) (fig. $2). If we assume an av- 
erage lithospheric viscosity of 10% Pas over a 
lithospheric thickness of 50 km, as suggested by 
carlier studies (9), the model prediets negligible 
lithospheric deformation (Fig. 2A). A weaker lith- 
osphere (with a viscosity of 10" Pa's) leads to 
larger intraplate deformation, but the resulting 
velocity profile differs from that observed, with 
‘most deformation occurring inside the CP. Phys- 
ically, the deformation mechanism here is sim- 
ilar to earlier GPE models, so that the mismatch 
suggests that either some far-field tectonie stress 
is needed (9, 10) or the viscosity structure is in- 
appropriate or possibly both. Furthermore, these 
models predict limited magnitudes of mantle 
‘upwelling flow beneath the region, inconsistent 
with the recent volcanic activities within the TZ. 

Adopting a spatially variable viscosity struc- 
ture, converted from the MT image using Eq. 3 
(Fig. 3), greatly improved the prediction of sur- 
face topography and lithosphere deformation. 
‘To show the validity of this approach on inferring 
viscosity by matching tectonic observables, we 
performed a parameter test by systematically 
changing the values of Co and C;, which con- 
trol the lithosphere’s average strength and spatial 
viscosity variation, respectively. Among the five 
models showing different amounts of spatial 
viscosity contrast (Fig. 3A and fig. $3), the smallest 
amount (10x) of viscosity variation generated 
surface predictions similar to those in the 1D 
viscosity model (Figs. 2 and 3), with strong lith- 
ospherie deformation inside the CP and the TZ. 
‘The deformation localized more toward the 
EGE and TZ with inereasing viscosity variations. 
In addition, a perfect step-profile of intraplate 
velocity emerged as the viscosity eontrast inereases 
to 10’, similar to the observed lithospheric de- 
formation (28), A larger viscosity contrast (10°) 
produced progressively decreasing surface veloc- 
ity from the EGB to the east, which was in- 
consistent with observations. 

Besides intraplate deformation, the predicted 
surface topography also showed clear improve- 
‘ments relative to the 1D viscosity model. The 
‘MT-based viscosity structures predicted large 
variations of surface topography on length scales 
as small as ~20 km (fig. $3). We further corrected 
the flexural effect on these raw topography sig- 
nals (26) while considering the spatially varying 
lithospheric elastic thickness (29) (fig. S4). In 
general, predicted topography smooths with the 
degree of viscosity homogeneity (Fig. 3B). A 10-fold 
lateral variation in viscosity results in topography 
that (blue line in Fig. 3B) largely resembled the 
1D viscosity model (pink line in Fig, 3B), but a 
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clear difference was that the former predicted 
‘more uplift (subsidence) in the TZ (CP) because 
of a larger contribution from subsurface convec- 
tion (Fig. 30) This topographic difference became 
more pronounced with increasing viseosity con- 
trast, as shown by the increasing amplitude of 
topographic roughness. We suggest that the short- 
wavelength topography reflects shear displace- 
ment of crustal blocks along the resolved faults, 
driven by lithospheric strain variation resulting 
from flow at greater depths. This relation can be 
seen from the striking correlation of localized 
elevation peaks (Fig. 3, B and E) with the strong 
crustal blocks right below (Fig. 3, C and F), as 
‘well as the independence of topography on local 
lithospheric density structure fig. $5), The mod- 
el that best matched lithosphere deformation 
(Fig. 3A, with viscosity variations of 10° to 10”) 
also well predicted the fine-scale topography, with 
remarkable similarity in both wavelength and am- 
plitude (Fig. 3B). 

Similar tests on the average (or net) litho- 
spheric viscosity by varying the parameter Cy 
demonstrated an almost linear correlation with 
the magnitude of intraplate deformation (Fig. 
3D) and topography variation (Fig. 3E and fig. 
6) (26), which implied a strong constraint. Col- 
lectively, we found that intraplate deformation 
and surface topography represented sufficient 
and complementary constraints on the average 
strength and spatial variation of lithosphere vis- 
cosity structure (Fig. 3). The model that best 
matched all observations had a spatial viscos- 
ity variation between 3 x 10” Pa-s and 3 x 
10” Pas (Fig. 4A). 

‘Another robust prediction from our models 
‘was @ region with vigorous mantle upwelling 
at the lower-crust and uppermost mantle depths 
beneath the TZ, where the peak ascending ve- 
locity exceeded 5 em/year (Figs. 3 and 4). The 
locally reduced viseosity and the large lateral 
gradient of buoyancy in this region facilitated 
the mantle upwelling responsible for late Cenozoic 
voleanism, high surface heat flow (Fig. 1), and 
rough TZ topography (Figs. 3 and 4). The ap- 
parent eastward eneroachment of flow beneath 
the western edge of the CP was consistent with 
the voleanie history (5) and the proposed de- 
stabilization of the plateau’s eratonic root (8). 

In our best-fitting model (Fig. 4), the dramatic 
lithospheric viscosity reduction to the west of the 
CP led to a sharp change of lithospheric de- 
formation rate, where almost nonexistent inter- 
nal deformation inside the CP increased rapidly 
to ~3 mm/year westward within a short distance 
of <100 km, which was close to that observed 
(28), Toward the western end of the MT survey 
line, the predicted deformation rate dropped 
slightly to ~2.5 mm/year. This decrease was likely 
related to an apparent lithospheric strengthening 
because of the limited resolution of the MT image 
toward the edge of the inversion domain. The 
overpredicted topography within the western 
CP may reflect surface erosion attributable to 
the local river system (Fig. 4A). Alternatively, 
this may be due to a lithosphere density anomaly 
not considered in our simple buoyaney structure 
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or local inaccuracy of the MT-image in represent- 
ing lithosphere viscosity. 

We further investigated the physical consist- 
ency of the MT-converted viscosity with that 
forwardly derived from laboratory-based rheol- 
ogies (23). By solving the mantle flow using 
the power-law rheology with other factors in 
Eq, 1 assumed uniform (26) (fig. $7), we obtained 
a viscosity structure that resembled the MT 
image at large scales, but the model failed to 
predict both fine-scale topography and litho- 
sphere deformation (fig. $7). Inclusion of pseudo- 
Plasticity in the model improved the fit in both 
viscosity and lithosphere deformation (Fig. 4B). 
However, deformation within the CP was over- 
predicted, likely related to the artificial return 
flow close to the eastern boundary of the model; 
this model also lacked localized erustal weak 
zones and, thus, the short-wavelength topography 
within the EGB and TZ. These mismatches should 
reflect the missing effects of compositional var- 
iation and grain size in the viscosity calculation. 


‘The general consistency between the forward 
[using rheological laws (Fig, 4B and fig. $7)] and 
their inverse [using MT (Fig. 4A)] viscosity cal- 
culations showed that the latter properly cap- 
tured the effects of strain-rate dependence and 
plastic deformation. The fact that the MT- 
converted viscosity best matched observations 
implied that the MT image also captured the 
effects of other viscosity-influencing factors like 
composition and grain size, which are difficult 
to infer using a forward approach. We suggest 
that future research including MT as a quanti- 
tative constraint will better unearth the physies 
of lithospheric theology. Consideration of min- 
cral physics and geochemical and geological data 
in high-fidelity geodynamic models will help to 
push this research frontier forward. Application 
of the MT-based modeling approach to other 
tectonic regions (30) should help to better under- 
stand the detailed dynamic evolution of con- 
tinents including topography, deformation, and 
voleanic history. 
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Fig. 2. Models with a 1D viscosity profile predicting intraplate deformation, surface topography, 
and mantle flow. (A and B) Intraplate deformation and surface topography. The black curves in (A) 
and (B) represent the observed Basin and Range extension rate and surface topography, respectively. 
The green and red colors represent results from a weak and strong lithosphere, respectively. (B) The 
corresponding contributions to topography trom crustal buoyancy (orange), thermal buoyancy (blue). 
and their combined effects (red) are shown. (C) Mantle flow. The background viscosity is for the strong 
lithosphere model, but the mantle flow trom both the weak (green) and strong (red) lithosphere models 
are shown. Gray lines represent the geotherms, and magenta line marks the Maho. 
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Fig. 3. Sensitivity of tectonic constraints on the MT-converted lithosphere viscosity. (A and B) Dependence of (A) intraplate deformation rate and (B) surface 
topography on the amount of spatial variation of lithosphere viscosity. (C) The background color shows the viscosity with a 10-fold spatial variation, and the three mantle 
flow fields correspond to cases with 10 (blue), 10° (orange), and 10° (green) of viscosity variations, respectively. (D and E) Dependence of tectonic constraints on 
the average (or net) viscosity of the lithosphere. (F) Background color represents viscosity of the strongest (Co = 8.0) lithosphere case, and the three flow fields are 
from cases with Cy of 8.0 (blue), 2.0 (orange). and 0.5 (green), respectively. The red bars on the surface mark the MT stations. 
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Fig. 4. Effective viscosity structures derived from the MT image and laboratory-based rheologies. (A) Best-ftting model with an MT-converted viscosity 
structure, including six orders of magnitude of viscosity variations. (B) Viscosity structure and model predictions using a power-law rheology (n= 3 in Eq, 1 and 
other parameters listed in supplementary materials) and pseudopiasticity (yield stresses of 40,150 MPa for above and below 40 km in depth, respectively). The 
general similarity between the two viscosity structures and model predictions confirms the physical validity of the MT-converted viscosity 
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Spiral density waves in a young 
protoplanetary disk 
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Gravitational forces are expected to excite spiral den: 


waves in protoplanetary disks, 


disks of gas and dust orbiting young stars. However, previous observations that showed 
spiral structure were not able to probe disk midplanes, where most of the mass is 
concentrated and where planet formation takes place. Using the Atacama Large 


Millimeter/submillimeter Array, we detected a pair of trai 


1g symmetric spiral arms in the 


protoplanetary disk surrounding the young star Elias 2-27. The arms extend to the disk 


outer regions and can be traced down to the midplane. These 


jeter-wave observations 


also reveal an emission gap closer to the star than the spiral arms. We argue that the 


observed spirals trace shocks of spiral density waves 


piral density waves are expected to be 

excited in the midplane of protoplanetary 

disks by the action of gravitational forces, 

generated by, for example, planet-disk in- 

teractions (1) or gravitational instabilities 
(2). These waves give rise to a spiral structure 
‘whose observable characteristics—the number and 
location of arms and their amplitudes and pitch 
angles—depend on the driving mechanism and 
the disk physical properties (1, 3-5). Theoretical 
predictions agree that these spiral features can 
be very prominent and thus more easily observ- 
able than the putative embedded planets or in- 
stabilities driving such waves (6, 7). Spiral-like 
patterns have been observed in evolved proto- 
planetary disks with depleted inner regions, in 
optical scattered light (8-13) or gas speetral lines 
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3k. 


the midplane of this young 


(14, 15). However, at the wavelength of such ob- 
servations the emission is optically thick, and 
scattered light only traces the tenuous surface 
layers of these disks rather than their midplane 
densities. This makes it impossible to disentangle 
between minute perturbations near the disk sur- 
face and true density enhancements over the 
disk column attributable to spiral density waves 
(6, 16). To probe the disk density structure, parti- 
ccularly the disk midplane that contains most of 
the mass and where planets form, observations 
of optically thin emission are necessary. 

We used the Atacama Large Millimeter/ 
submillimeter Array (ALMA) to observe the proto- 
planetary disk around the young star Elias 2-27 
at a wavelength of 13 mm. Our spatially resolved 
image (Fig, 1) shows two symmetric spiral arms 


extending from an elliptical emission ring, To 
‘emphasize the spirals and the dark ring of at- 
tenuated emission seen at ~70-astronomiieal-unit, 
(AU) radial distance from the star, we applied an 
unsharp masking filter (77) to increase substan- 
tially the image contrast (Fig. 1B). 

‘The young star Elias 2-27 (18) is a member 
of the p-Ophiuchus star-forming complex at a 
distance of 199 pe (19) and is classified as a class 
I young stellar object from analysis of its spec~ 
tral energy distribution (SED) (20, 21), Although 
the star is only 50 to 60% of the Sun's mass (M=) 
(20, 22), it is known to harbor an unusually 
massive [0.04 to 0.14 Mz (20, 23, 24)] proto- 
planetary disk. The star, obscured by 15 magni- 
tudes of extinetion at optical wavelengths by the 
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parent molecular cloud (22), aceretes material 
from its surrounding disk with a mass accretion 
rate of 8 x 10° Mg year" (25). Previous ob- 
servations at 0.6" to 11” angular resolution were 
well described by a smooth and axisymmetric 
distribution of material in the disk that extends 
near the stellar photosphere and decreases mono- 
tonically with distance from the star (20, 23), 

‘To estimate the optical depth of the observed 
dust continuum emission, we performed radi- 
ative transfer calculations using RADMC-3D (26) 
at 13 mm (27), using the previous surface den- 
sity constraint found for the Elias 2-97 disk (20). 
‘This model reproduces the azimuthally averaged 
radial profile of the observed ALMA 13-mm con- 
tinuum emission (fig. $1) (27). At a radial distance 
from the star (hereafter referred to as radius and 
denoted by A) larger than R = 10 AU, the emis- 
sion is optically thin and thus traces the density 
of solid material down to the midplane of the 
disk. At the location of the spiral structures (from 
R = 100 to 300 AU), the azimuthally averaged 
optical depth + of the dust continuum emission 
ist = 0. at R = 100 AU, decreasing to + = 0.02 
at R = 300 AU (fig. S1B), which is consistent 
with the measured peak brightness temper 
ture on the spirals of 12 K at R = 150 AU. 

‘The spiral structures are even more evident 
in Fig. 2A, in which the data has been projected 
into a polar coordinate grid that accounts for 
the viewing geometry of the disk. In polar coordi- 
nates, a ring with zero eccentricity would have 
a constant radius for all polar angles. However, 
shown in Fig. 2A are two bright structures that 
grow in radius from ~100 to 300 AU as the polar 
angle increases. The brightest of these two struc- 
tures lies northwest of the star, labeled “NW”; 
the spiral structure southeast of the star is labeled 
“SE.” In Fig. 2B, we present the surface brightness 
contrast of the NW and SE arms, defined as the 
ratio between the peak of emission at the arm 
and the background surface brightness (17). We 
found that both arms have similar contrasts 
ranging between values of 13 and 2.5, "The spiral 
arms reach their highest contrast at R = 150 AU, 
coinciding with the location in the disk where 
gravity has the most influence over thermal pres- 
sure and shear forces, that is, where the Toomre 
Q parameter is lowest (fig. $2) (17). However, 
even at its minimum value Toomre Q is well 
inside the stable regime (17). If the spirals arms 
suffer from beam dilution (if their physical size 
i smaller than the angular resolution of our ob- 
servation), a higher optical depth than our pre- 
vious estimate could be possible, implying an 
even higher density contrast in the arms. Thus, 
the contrast values measured for NW and SE are 
lower limits. 

We determined the local maxima and minima 
of emission in the dust continuum observations 
at evenly spaced azimuthal angles, after subtract- 
ing a smooth monotonically decreasing intensity 
profile that best fit the intensity radial profile of 
the disk (lig. $3) (17). As demonstrated in Fig. 3, 
the emission local maxima (Fig, 3, crosses) deseribe 
two spiral structures, whereas the emission local 
minima (Fig, 3, circles) describe an ellipse, We 
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Fig. 1. Thermal dust emission from the protoplanetary disk surrounding Elias 2-27. The disk was 
imaged at a wavelength of 13 mm, with ALMA reaching an angular resolution of 0.26" by 0.22" (indicated 
by the ellipse in the bottom left comer), which corresponds to 36 by 31 AU at the distance of the star. 
The field-of-view center (at 0, 0) corresponds to the disk emission peak located at right ascension (J2000) 
16 hours 26 min 45.024 s, declination (J2000) = ~24 degrees 23 min 08.250 s, and coincidental with 
the position of the star Elias 2-27. (A) 13-mm dust continuum image from the Elias 2-27 proto: 
planetary disk over a 4” by 4" area, The color scale represents flux density measured in units of Jansky 
per beam (1 Jy = 10°** W m- Hz"), (B) Increased contrast image from processing the original ALMA 
abservations shown in (A) with an unsharp masking filter (17). 
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Fig. 2. Polar projection of disk emission and measured contrast over the spirals in the Elias 2-27 
protoplanetary disk. (A) Projection onto polar coordinates (polar angle @ versus deprojected radial 
distance to the central star R) of the dust continuum observations from the Elias 2-27 disk. The emission 
has been scaled by R* in order to aid visualization, and the polar angle is defined as @ = O° (north) increasing 
toward east. Curves correspond to the best-fit model spirals for the NW and SE arms (dashed lines) and 
their constraint at the 3a level (sold lines). (B) Surface brightness contrast of the continuum emission along 
each spiral arm, defined as the ratio between the peak of emission and the background surface brightness 
(17), which is computed at increasing radial distance from the star 


constrained the geometry of these structures by 
modeling their location in polar coordinates 
(where & is the distance from the star located at | geometry of the spiral arms and dark ring can 
the origin and @ is the angle from the & axis), | all be described with a single inclination angle 
taking into account that these structures have | of ¢ = 55.8° * 0.9° and position angle PA 
been inclined and rotated with respect to our | 117.3° + 0.9% The best-fit model and constraints 
line of sight by their inclination (@) and position | at the 3c level are shown in Fig. 3 for the spiral 
angle (P4), The emission local minima were fitted | arms and dark ring, 

with a circular ring (R = do, where do is the | Spatially resolved molecular line observations 
radius at which the gap is located), whereas | of CO and two isotopologues, simultaneous to the 
the emission local maxima were fitted with two | continuum observations discussed here, suggest 
symmetric logarithmic spirals (R = R, é”, where | that the southwest side of the disk is tilted 
Rois the spiral radius at @ = 0° and bis the rate | toward Earth while the disk rotates in a clock- 
at which the spirals increase their distance from | wise direction in a Keplerian velocity pattern 
the origin). The best-fit parameters for the sym- | (figs. S4 to $7) (17). It is most likely that the 
metric spirals that describe the local maxima | observed NW and SE spirals point away from 
are Ry = 84+ 4 AU and b = 0.138 « 0.007 (which | the direction of rotation—that these are trailing 
corresponds to a pitch angle of 9= 7.9° + 0.4%), | spiral arms. 


‘whereas the circular ring that describes the local 
minima has a radius of ay = 71 #2 AU. The 
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Fig. 3. Model of symmetric spirals and dark ring 
for the Elias 2-27 protoplanetary disk. The local 
maxima (crosses) and local minima (circles) in the 
continuum emission of Elias 2-27 are indicated. The 
maxima trace the NW and SE spirals, and the min 

ma trace a ring. A model with symmetric spirals 
that shares the same geometry (inclination and 
position angle) with the inner dark ring was able 
to reproduce the location of the local maxima and 
minima of emission, as illustrated by the best-fit 
model (solid curve) and 3a constraints (shaded 
regions). The blue star denotes the position of 
Elias 2-27, To illustrate the location of these fea 

tures in the image, we overlaid these results over 
the unsharp masked image from Fig. 1B: however, 
this image was not used for the calculations 


‘Simulations indicate that planet-companion- 
disk interactions (PDI) alone are capable of 
opening a gap creating density and temperature 
contrasts along spiral arms that are consistent 
with the observed values in NW and SE (1, 6) 
However, the observed gap at 70 AU is of low 
contrast, which is indicative of a narrow or par- 
tially opened gap as predicted from PDIs with 
Jow-mass planets, Such planets will have a harder 
time exciting spiral density waves of the observed 
contrast in Hlias 2-27 (27), Grain growth could in 
principle create such a low-contrast gap at 70 AU, 
but we see no evidence of this process in our 
9 mm observations from the Karl G. Jansky Very 
Large Array (fig. $8) (17). Additionally, PDI sim- 
ulations generally predict spiral arms with dif- 
ferent contrasts to each other, unlike the similar 
contrast of NW and SE. Those models often strug- 
gle to produce the symmetric spiral pattern ob- 
served in the lias 2-27 disk (27, 28), unless the 
planet-induced density waves are driven by a 
massive companion at large disk radii exterior 
to the spirals (6), of which we see no evidence 
in the Elias 2-27 system. 

Alternatively, gravitational instabilities (GIs) 
can also exeite spiral density waves with con- 
trasts in density and temperature that are sim- 
ilar to the observed contrasts in NW and SE. A 
high mass accretion rate, on the order of 10-° 
to 1077 Mz, year" (29), coupled with a large disk- 
to-star mass ratio of at least Mgia/ May = 0.5 
(3) are required to induce the “grand design” 
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symmetric spiral arms observed in Elias 2-27. 
Although the mass accretion rate of the star is 
high (25), even in the most optimistic case the 
disk-to-star mass ratio is Mai/ Maur ~ 0.3, lim- 
iting the possibility of GI acting alone, Addi- 
tionally, simulations of disks undergoing GI 
generally cannot maintain spiral arms at radii 
larger than 100 AU because the disk begins to 
fragment at large radii (2, 9, 29-30. A possibility 
to avoid fragmentation in the GI scenario is that 
the Elias 2-27 disk is in a marginally unstable 
state (32)—for example, supported by external 
irradiation or sustained by an envelope that is, 
feeding mass to the outer disk. However, no evi- 
dence for a massive envelope is found in the 
infrared SED of this object (20, 21), making the 
possibility of a marginally unstable disk unlikely. 

‘A combination of PDI and GI mechanisms act- 
ing together (5) could be another alternative to 
explain the high degree of symmetry of the arms 
in both contrast and location, the presence of 
both arms out to large disk radii, together with 
the gap in the disk located at 70 AU. However, 
this scenario also requires a high-mass planet 
(8), whose effect in the disk structure should be 
discernable as a larger and deeper gap than the 
‘one constrained in this work. 

‘The observed structure in Fig. 1 delineates 
two symmetric trailing spiral arms, NW and SE, 
‘whose low optical depth enables material to be 
traced in the disk midplane. Together with the 
measured contrast values of at least 1.3 to 2.5 in 
the spiral arms, these results imply that NW and 
SE are tracing density and/or temperature en- 
hancements at the disk midplane, which are ar- 
ranged into two “grand design” symmetrie spiral 
arms. Given the disk differential rotation (sim- 
ilar to the case of spiral galaxies), if the observed 
spirals were material arms rotating at the disk 
Keplerian velocity, then the inner part of the spi- 
ral (at 100 AU) would rotate five times faster 
than the outer part of the arm (at 300 AU). Thus, 
in a time scale much shorter than the lifetime of 
the disk (only a few orbital periods of roughly 
1000 years) these spiral arms would wind up 
and disappear. We conclude that instead of tracing 
material arms, the NW and SE spiral structures 
trace density and temperature enhancements 
‘owing to spiral density waves in the midplane 
of the Elias 2-27 disk. 

Unlike the spiral features from seattered-light 
observations, the spiral arms detected with our 
millimeter-wave imaging trace structures at the 
midplane of the disk—where planet formation 
takes place—allowing us to discern the location, 
shape, contrast, and size of these spiral density 
‘waves at the disk midplane. These results provide 
a distinct benchmark for numerical simulations 
of spiral structure in protoplanetary disks, par- 
ticularly because fragmentation of such spirals 
remains the only plausible formation mecha- 
nism for planets and companions at large disk 
radii, where core-aceretion becomes inefficient 
(83). Thus, the detection of spiral features in 
Elias 2-97 is a first step to determine what is the 
dominant mechanism of planet formation at dif- 
ferent locations in the disk. 
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Fig. 1. Electron refraction, (A) A transverse magnetic field is used to focus 
electrons onto a split-gate junction at variable incident angles, The cyclatron 
radius, determined by the magnetic field and Fermi momentum (or related 
carrier density), determines the incidence angle. The density difference 
across the boundary, induced by the two gate valtages, determines the re 
fraction angle, (B) A resonant path is shown for three example scenarios 


both the fundamental resonance and multiple 
higher-order resonant peaks appear. The resonance 
paths can not be fit to a simple B ~ yn depen- 
dence (fig. $4), with the most notable deviation 
a pronounced kink in the second-order resonance, 
For positive Si gate values (p-n' configuration), 
only the lowest-order resonance mode is observed, 
with all higher orders apparently suppressed. The 
resonance peak is opposite in sign compared with 
the p-p' case. This is a direct signature of carrier 
focusing to the upper voltage terminal, 

A detailed simulation of electron trajecto- 
ries using a semiclassical Billiard model (34, 35) 
‘was performed and compared to experiment (32). 
In this model, electrons are injected from the 
source at randomly distributed angles, weighted 
by a normal distribution of standard deviation 
Gin) = #/15. By following their cyclotron trajecto- 
ries across the junction Gunetion roughness is 
not included in the model), the probabilities of 
reaching the voltage probes are calculated, Trans- 
mission across the junetion is modeled assuming 
the electronic Snell's law and momentum filter- 
ing (20, 25). Figure 2B shows the difference in 
probability between the two voltage leads from 
our simulation using identical conditions as 
the experiment data in Fig. 2A. The simulation 
matches well with the general features of our 
experimental data for both p-p’ and p-n' cases, 
reproducing the trajectory of all higher-order 
resonances in the p-p' condition, as well as the 
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bar, 5 um. 


existence of only a single mode, with opposite 
sign for the p-n’ case, Simulation reveals that 
the kink in the p-p’ case results from electrons 
hitting the edge of device at the junction (fig. 
9). For p-1’, only the lowest order is observed 
as the number of electrons reaching the upper 
electrode reduces exponentially owing to a fil 
tering effect every time electrons cross the p-n 
Junction (18, 27), There is some discrepancy in 
the higher-order p-p’ resonances between ex- 
periment (Fig, 2A) and simulation (Fig. 28). We 
believe that this is caused by the uncertainty in 
the fabricated device geometry (~50 nm), finite 
contact width (~300 nm), and edge roughness 
(fig. S12), all of which become inereasingly im- 
portant as the cyclotron radius approaches a 
similar length scale. 

In both the experimental and simulated data 
sets, the trajectory of the lowest-order resonance 
is well captured by our geometric model (dashed 
lines in Fig. 2, A and B). In Fig. 2D, the peak 
position is shown as a funetion of B and 1 for 
both p-p’ (red circles) and p-n' (blue circles). 
Also plotted are similar data points acquired 
by synchronizing the gates to maintain matched 
cartier density, giving the trajectory of the p-p 
(green circles) and n-n (yellow circles) response 
(See fig. $5) for the magnetic focusing in the 
matched density regime). The theoretical reso- 
nant peak positions calculated from the geo- 
metric model are shown as solid and dashed 


corresponding to p-p (equal hole density), p-p (unequal hole density), and 
pn’ (unequal hole-electron densities). In our measurement scheme, den: 
sity n; is fixed, whereas B and n2 are varied. (C) Optical image (top) anmd 
cartoon schematic (bottom) of split-gate device. A naturally cleaved graphite 
edge is used to define an atomically smooth electrostatic boundary. Scale 


lines, Excellent agreement is found between the 
peak positions and the theoretical curves for all 
four cases. In generating the theoretical curves, 
‘we use as inputs only the sample geometry (length 
L= 405 ym and width W = 3.95 um) and the gate 
cfficiencies as extracted from Hall effect measure- 
ments (32), so that effectively there are no free 
parameters, We have repeated this measurement 
with three devices of varying sizes and with 
various gate configurations, all giving similar 
results (fig. $6). For any combination of B, m, 
and n,, the device geometry dictates the inter- 
section of the electron trajectory with the 
Junetion, For each point along the first-order 
resonant peak in Fig. 2A, we can therefore de- 
duce the angle between the charge-carrier tra- 
Jectory and the boundary normal in each region. 
In Fig. 2E, the corresponding values of kisin(@,) 
for each region are plotted. The data show a 
linear relation with unity slope, confirming 
the expected Snell’s law relation for electrons. 
For the case of opposite carrier type, the rela- 
tion shows a negative unity slope, unambigu- 
ously confirming negative refraction, 

Because the points along the resonance mode 
can be correlated with the incidence angle, com- 
paring the peak intensity at each point provides 
a measure of the angular-dependent transmission 
coefficient across the junction. The transmission 
probability across a p-n junction is theoretically 
determined by a chiral tunneling process between 
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Fig. 2. Snell's law for electrons. (A) Resistance parallel to the junction at 
17 K (corresponding to the measurement configuration shown in Fig. 18) 
versus magnetic field and silicon gate Vs,. The graphite gate region is fixed 
to constant p-type carrier density (Ve = -1 V). (B) Simulation of the 
experimental data in (A). from ray tracing paths. The horizontal axis in (A) 
and (B) span the same range in carrier density. Representative resonant 
electron trajectories are shown in (C) for a_p:p' (top) and p-n' (bottom) 
junction. (D) Position of the peak plotted as B versus n, from the lowest: 
order resonance modes. p-p' and p-n’ data points are taken from (A). p-p 
and n-n data points are determined from a similar map in which the gates 


are synchronized to maintain a matched density (fig. $5). Dashed line 
represents the theoretical resonance condition for graphene with matched 
density (ie., no junction). Solid red line and blue lines are the theoretical 
curves deduced from our geometric model, including refraction, for p-p’ 
and p-n’ junctions, respectively. (E) Snell's law parameters calculated trom 
the peak points. (F) Transmission intensity versus incident angle. Blue 
circles correspond to the normalized peak resistance values extracted 
from (A). Red line is the normalized intensity from simulation for a device 
with a graded junction of width 70 nm. Black line is the theoretical angle 
dependence for an abrupt (d = 0 nm) junction. 


the bands and depends strongly on both the 
incidence angle and effective junction width 
(20, 25, 36). For a symmetrically biased junction, 
the transmission probability is given by (20) 
p= ethno ay 


where @ is the incident and refracted angle, ky 
is the graphene Fermi wave vector on two sides, 
and d is the junction width. In Fig. 2F, the nor- 
malized peak intensity for the p-n' resonance 
curve is plotted versus incident angle, with the 
blue circles and solid red line deduced from 
the experimental and simulated data sets, re- 
spectively. In our simulation, the transmission 
probability for each electron trajectory at the 
boundary was calculated using a more general- 
ized form of Eq. 1 that allows for asymmetric 
bias (25) [for more detail, see section 1.2 in (22)]. 
We compared experimental results with simu- 
lated responses for varying junetion widths (fig. 
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SISA), finding excellent agreement for d = 70 nm 
(Fig. 2F). This is consistent with our device 
geometry, where we anticipate a junetion width 
on the order of 60 nm by electrostatic modeling 
(fig. S14). Various oiy were also tested in our 
simulation, but no dependence was found (fig. 
S15). Our results provide strong experimental 
support for an angle-dependent transmission 
coefficient given by Eq. 1, which can be viewed 
as the electron equivalent of the Fresnel equa- 
tions in optics, relating the transmitted and 
reflected probability intensities. Our findings 
further demonstrate that wide junctions re- 
sult in selective collimation (17, 20, 23, 26) of 
the electron beam compared with abrupt june- 
tions with zero width (solid black line in Fig, 2F). 

A striking consequence of negative refraction, 
in graphene is Veselago lensing, in which a 
planar p-n’ junction focuses diverging electrons 
(©), Recent transport measurements suggest evi- 


dence of this effect (37), but the response is 
weak, appearing in the signal derivative. Good 
agreement between our simulation and mea- 
surement for magnetic focusing allows us to 
use the same model to revisit zero-field focus- 
ing across p-n’ junetions, In Fig. 3, the trans- 
mission coefficient for our device is calculated 
from simulation for varying junction widths 
d. We find that, owing to the strong reflection 
of non-normally incident electrons, the trans- 
mission decays rapidly with increasing d, and, 
indeed, to realize transmission of 50% compared. 
with an abrupt junetion requires the d to be less 
than 5 nm, This experimental constraint provides 
‘one explanation for why Veselago-type lensing 
has been difficult to achieve in previous devices 
and suggests that scaling the p-n' junction width 
to the few-nm limit is an important criteria 
for realizing electron optics based on negative 
refraction in graphene. 
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Fig. 3. Simulation of Veselago lensing. Transinission coefficient for electrons focused across a p-n 
junction. Main panel shows the variation in transmission probability versus junction width d, determined 
from simulation. Diverging electrons across a p-n junction theoretically converge to an equidistant point 
owing to negative refraction. For a graced junction the majority of the electrons are reflected, explaining 
Why Veselago focusing is not observed. Inset shows representative simulated electron trajectories for an 
abrupt (left) and graded (right) junction. 
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Fig. 4. Temperature dependence. (A) and (B) show the temperature dependence of p-p' and pn! 
resonance peaks. Data correspond to a cut through Fig. 2A along a fixed value of Vs. 


Finally, owing to the interest in electron fo- 
cusing for technological applications, we consider 
temperature-dependent effects. Figure 4, A and 


B, shows the height of the resonant peaks as a 
function of magnetie field at various temper- 
atures for p-p' and p-n' cases, respectively, It is 
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observed that the peak signal vanishes at around 
70 K, coinciding with the temperature at which 
the graphene mean free path becomes compa- 
rable to the resonant path length (~7 ym) in our 
devices (23), At room temperature, graphene re- 
mains ballistic over length seales in excess of 
1 4m (33), making it feasible to realize electron 
opties-based devices that operate under ambi- 
cent conditions. 
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GRAPHENE 


Ballistic miniband conduction in a 
graphene superlattice 


‘“Menyoung Lee,’ John R. Wallbank,” Patrick Gallagher,’ Kenji Watanabe,* 
‘Takashi Taniguchi,’ Viadimir I. Fal’ko,** David Goldhaber-Gordon** 


Rational design of long-period artificial lattices yields effects unavailable in simple 
solids. The moiré pattern in highly aligned graphene/hexagonal boron nitride (h-BN) 
heterostructures is a lateral superlattice with high electron mobility and an unusual 
electronic dispersion whose miniband edges and saddle points can be reached by 
electrostatic gating. We investigated the dynamics of electrons in moiré minibands by 
measuring ballistic transport between adjacent local contacts in a magnetic field, known 
as the transverse electron focusing effect. At low temperatures, we observed caustics 


of skipping orbit 
cyclotron revolution for successive 


focusing. Probing such 


extending over hundreds of superlattice periods, reversals of the 
bands, and breakdown of cyclotron motion near 
van Hove singularities. At high temperatures, electrot 
iniband conduction properties 


lectron collisions suppress 
a necessity for enginee 


novel transport behaviors in superlattice devices. 


n solids, the quantum nature of electrons 
generates band structure, which controls 
conduction and optical properties. Similarly, 
longer-period superlattices generate mini- 
bands that disperse at a finer energy scale 

over a reduced Brillouin zone, enabling phenome- 

na such as negative differential conductance 
and Bloch oscillations (1-3). However, fabricating 
long-range periodie patterns that strongly mod- 
ulate the potential to form well-separated mini- 
bands without undermining the material quality 
and electron coherence remains challenging. 
Most experiments on laterally patterned semi- 
conductor heterostructures have revealed clas- 
sical commensurability effects (4-6), which do 
not require well-formed and separated mini- 
bands. Despite evidence for Fermi surface re- 
mn in a patterned superlattice, details of 

Fermi surfaces were obscured by poor separa- 

tion between minibands and consequent magnet- 

ic breakdown across weakly avoided crossings (7). 

‘The arrival of high-quality graphene/h-BN 
van der Waals heterostructures with misalign- 
ment angle below 1° (6, 9) has drastically changed 
the situation. In such systems, the periodie po- 
tential for electrons in graphene is imposed by 
the hexagonal moiré pattern generated by the 
incommensurability and misalignment between 
the two erystals (10-12), Formation of minibands 
for Dirac electrons has been demonstrated by 
scanning tunneling (13), capacitance (14), and 
optical (15) spectroscopies, as well as magne- 
totransport (16-19). These studies have eluci- 
dated the electronic structure known as the 
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Hofstadter butterfly, which emerges in a quan- 
tizing magnetic field (20). By contrast, a small 
magnetic field may be treated semiclassicall 
‘Then the connection between the miniband dis- 
persion e(is) and transport properties is estab- 
lished by the equations of motion for an electron 
in an out-of-plane magnetic field B = BE, 


v= Fee bebe (1) 
where e is the charge on the electron, f is the 
Planck constant divided by 2r, and the relation 
between cartier velocity v and momentum Ak is 
approximately v = tk/k (v = 10° m/s) close to the 
Dirae point of graphene's spectrum (10, 11, 13, 14). 

‘The shape of the cyclotron orbit in a two- 
dimensional (2D) metal is a 90° rotation of the 
shape of the Fermi surface, and the carrier re- 
volves along it clockwise or counterclockwise. 
Electron trajectories near the boundary of a 
metal open into skipping orbits (20), which drift 
in the direction determined by the effective 
charge of the carrier. These skipping orbits 
bunch along caustics (22-27), leading to the 
transverse electron focusing (TEF) effect (22, 23). 
Experimentally, TEF takes place when the mag- 
netic field is tuned such that caustics of skipping 
orbits, emanating from an emitter E, end up at a 
collector C, located at position 2 = L along the 
boundary. Then a voltage Ve is induced at C, 
proportional to the current /;, injected into E. 
Figure 1B illustrates skipping orbits and caus- 
ties in a material with an isotropic Fermi sur- 
face, such as unperturbed graphene near the 
Dirac point, where TEF occurs for B = By 
2jhky/-+eL. (for j = 1, 2, ...). An equidistant series 
of peaks (oscillations) appears in the focusing 
“spectrum"—the nonlocal magnetoresistance 
Ve/Ie(B) (Fig. 1C, lower trace), from which the 
Fermi momentum fk; and the sign of effective 
charge +e can be inferred. TEF was initially used 
to study the Fermi surfaces of bulk metals (22, 28) 


and was later extended to 2D systems (23), in- 
cluding graphene (29). 

Here, we report the observation of TEF in a 
moiré superlattice at the interface between 
graphene and h-BN in a van der Waals hetero- 
structure (from top to bottom) h-BN/graphene/ 
h-BN/bilayer graphene assembled on an SiO. 
substrate. One of the h-BN layers (we do not 
know whieh) is aligned with graphene to better 
than 1% forming a moiré pattern with a period 
of 14 nm (30). We use the bilayer graphene as 
an electrostatic gate, tuning electron density in 
the superlattice by applying voltage Vj to it. The 
device (Fig. 1A) has three etched local contacts 
along the linear sample boundary. Two other 
‘ohmic contacts are grounded and act as absorb- 
ers. We measure the multiterminal, nonlocal 
resistance (V4, - V)/h, at our base temperature 
T = Thyse = 155 K. Figure 2B is the resulting 
map of (Vy ~ Vp)/f, a8 a function of B and V, 
exhibiting TEF spectra and their evolution as 
a function of electron density n. When the 
Fermi level in graphene is close to the Dirac 
point at Vz = -0.4 V, the superlattice spectrum 
is almost isotropic, and kp = \/7|n|. Hence, the 
‘TEF spectra show TEF oscillations with peaks 
at Bj=(2jh/ te) \/xjn| (dashed curves in Fig. 
2B) as in unperturbed graphene (29), The obser- 
vation of TEF confirms that electrons travel bal- 
listically from the emitter to the collector. The 
visibility of as many as eight focusing peaks 
(Figs. 1C and 2B) shows that carrier refleetion 
at the boundary is mostly specular: Each peak 
is lower than the last by a factor of the prob- 
ability of diffuse scattering (22). Quantum effects 
are suppressed because the thermal length ftoy/T 
is shorter than the emitter-colleetor separation L. 

‘At higher densities approaching four electrons 
(or holes) per moiré unit cell, the Fermi level is 
near the first minibands’ outer edges, and TEF 
spectra reflect the modification of electronic 
states by the superlattice potential. A candidate 
miniband structure from the model family pro- 
posed in (12) is shown in Fig. 24 with relevant 
minibands labeled. Carrier dynamics in the form 
of skipping orbits and causties are represented 
using ensembles of simulated electron trajecto- 
ries in Fig, 3, The map of measured TEF spectra 
(Fig. 28) matches the theoretically simulated 
spectra (Fig. 2C) obtained by applying Eq. 1 to 
the electrons emitted into the minibands of Fig. 
2A from a local emitter at the sample edge (30). 

In addition to TEF of electrons in Cl and 
holes in V1, both theory and experiment show 
focusing of holes in C2 and electrons in V2: 
‘The carrier charge is reversed relative to the 
corresponding (conduction or valence) band 
of graphene. For V, > V2, where V3 is the lower 
band edge of C3, the electron-like pocket of C3 
overlaps in energy with the holelike pocket of 
C2, leading to TEF oscillations for both signs 
of B. TEF oscillations abruptly terminate at gate 
voltage values V2, V3, V2, and V2, which eoineide 
with the passing of the Fermi level across the 
saddle-point van Hove singularities (VHSs) at 
which the constant energy contour of the mini- 
band dispersion percolates across all repeated 
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Fig. L Experimental concept. (A) Schematic of 
the experiment overlaid on a photo of the device. 
The h-BN/graphene/h-BN/bilayer graphene hetero: 
structure is shown in green, the SiOz substrate is 
in purple, and the dashed line denotes the upper 
boundary of the graphene flake. In the electrical 
‘measurement configuration applied to obtain the 
data in Fig. 28, the two leftmost contacts are 
grounded to act as absorbers, We inject current 
into the left local contact L and measure the voltage 
difference between two local contacts, M and R. 
Arrows depict skipping orbits a hole would take if 
injected at normal incidence with 8 = By = 2hky/el. 


(red) of 8: = Ahky/eL. (blue). (B) Ensemble of simulated skipping orbits emanating from an emitter (red star) Electron trajectories bunch along caustics (red 
dashed curves) and focus onto an equidistant array of points at the boundary. Scale markers show the cyclotron diameter 2Re = 2hke/eB. (C) Transverse electron 
focusing (TEF) spectra collected at a single voltage probe M [V/l.(B), lower trace] and differentially between voltage probes M and  [(V~ Va)/I(B), upper 
trace), with n = -11 « 10! em’ and T = 155 K. The first, third, and sixth focusing peaks are labeled. Taking the differential measurement of the spectrum does not 
shift peak positions, because the device geometry partially shields R from being reached by skipping orbits from L, such that oscilations of Vq are much weaker. 
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Fig. 2. TEF spectra at base temperature. (A) Miniband structure of the 
graphene/h-BN superlattice, calculated as in (12, 30). Each miniband for 
which we observe TEF is labeled, This dispersion results from a symmetric 
moiré perturbation: e* = 17 meV and e~ = 0 meV; this choice gives the best 
match between experiment (B) and theory (C) (30). Equipotential con: 
tours are shown; the dashed contours are at the energy levels of saddle- 
point VHSs, (B) TEF spectra as a function of gate voltage V,. T= 155K. The 
plotted ratio (Vy — Vp)/I is measured as depicted in Fig. 1A. Black dashed 
curves indicate B,, B,, and B, which are some of the peak positions expected 


a a tt 


when the Fermi level is close to the Dirac point, Green dashed lines indicate 
the abrupt termination of TEF caused by the breakdown of cyclotron mation 
at each VHS. Dashed arrows from (B) to (A) point to the energy levels 
(dashed contours) of the corresponding VHS; voltage values are labeled by 
the miniband in which the breakdown occurs (eg.. V! for the breakdown of 
cyclotron motion in Cl). Dotted lines show selected densities (I, Il, and IV) 
that place the Fermi level in minibands C2, C1, V1, and V2, respectively. 
(C) TEF spectra as a function of Vs, calculated from the dispersion in (A) and 
Eq.1 30). 


Brillouin minizones. At these saddle points, ey- 
clotron orbits experience an extreme variant of 
magnetic breakdown termed orbital switching 
(3D, opening up into runaway trajectories such 
that electrons do not follow skipping orbits. In 
the ranges V2 < Vg < Vi and V3 < Vz < V2, the 
Fermi surface consists of small and highly aniso- 
tropic pockets just above or below the secondary 
Dirae points, Thus, even the theoretically ealeu- 
lated pattern in Fig, 2C is both weak and dense; 
experimental observation of these pockets 
obscured because of smearing by finite emitter 
and collector widths and suppression by partial 
diffusivity of reflection from the edge. 

‘The positions of saddle points V3, V3, V2, and 
V2 can be direetly compared to miniband models, 
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‘We tested the observed ratios (172 - V2)/(V2 - V3) 
and (V2 - V3)(V2 - V2) against predictions from 
a family of moiré superlattice models parameter- 
ized by strengths of inversion-symmetric (e*) and 
antisymmetric (e°) interlayer coupling between 
graphene carbons and the boron and nitrogen 
sites of h-BN (80, 32). The best match to experi- 
‘mental data corresponds to an inversion-symmetric 
moiré perturbation with e* = 17 meV, & = 0 
(fig, $2), which we used to calculate the mini- 
band structure, electron dynamics, and TEF maps 
in Figs. 2 and 3. This value for e* is similar to 
previous estimates from optical spectroscopy (25). 

We can learn more about carrier dynamics, 
in particular the effect of their scattering, by 
examining the temperature dependence of TEF 


oscillations (28). Throughout the probed tem: 
peratures and densities, the suppression of TEF 
‘upon heating (Fig. 4) is faster than what could 
be expected from merely thermal broadening of 
injected electron momenta, as |k - kyl ~ kyT/ 
Teo << ky. For quantitative analysis, we deter- 
mine the area A; under the first (j = 1) focusing 
peak and interpret the ratio A\(T)/A\(Thau) aS 
the fraction of electrons exp(-nL/2ey2) that prop- 
agated ballistically from the emitter to the col- 
lector, along the semicircular cyclotron trajectory 
of length xZ/2 that touches the caustic near the 
collector, even though the electrons scatter with 
a characteristic rate r*. Figure 4B shows the 
temperature dependence of this effective scatter 
ing rate, extracted from the data according to the 
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Fig. 3. Simulated skipping orbits. Representative ensembles of simulated skipping orbits emanating 
from an emitter (red star) at the boundary of the graphene/h-BN superlattice possessing the miniband 
dispersion of Fig. 2A, for Selected electron densities I I Il, and IV marked in Fig. 2B, The corresponding 
Fermi surfaces are in minibands C2, Cl. VI. and V2, respectively, and each is drawn as a thick, dashed 
constant-energy contour on the color map of the dispersion. The magnetic field points out of the page 
so electron-like carriers turn counterclockwise and their skipping orbits drift left, and holelike carriers do 
the opposite. Red dashed curves mark caustics, 


formula t(7)" = -2ey/nb. loglAy(T/Ay(Tiase)- The 
experimentally observed dependence (7) © 7? 
points toward an electron-electron (e-e) scatter- 
‘ing mechanism for the suppression of TEF os- 
cillations upon heating, the same mechanism 
responsible for the evolution of electronic trans- 
port from the ballistic to the viscous regime 
(33-85). Theoretical analysis of spreading of a 
narrow beam of electrons due to low-angle scat- 
tering processes, governed by the Thomas-Fermi- 
screened ¢ interaction, shows that for T’ <¢ T- 
(where kyTs = 2upy/ke/nL), the decay of TEF 
signal can be described by a scattering rate 


(keT)? | (3.6L 4 
** Sivek tog(*S*) cc) 


where w is the width of the emitting and col 
lecting contacts (20). Figure 4B shows the theo- 
retical values [calculated without free parameters 
(G0)] of =;,, including the theoretically predicted 
crossover to a slower scattering rate for T'> 7. 
‘The rate of scattering by phonons, +}, can be 
inferred from temperature-dependent sheet resis- 
tivity of similar encapsulated graphene/h-BN 
heterostructures (95, 36) (Fig. 4B). This inferred 
‘} is much lower than both the experimentally 
measured value of x(7)" and the caleulated value 
of ;1,, $0 it appears that low-angle ee scattering 
is the dominant mechanism for suppression 
of TER. 

‘The direct observation and manipulation of 
ballistic transport is a powerful probe of the 
low-energy physics of an electron system. Here, 
the quasiparticles propagate freely from the 
‘emitter to the collector through ballistic trajee- 
tories as long as xL/2 = 10 um, which is 700 in 
dimensionless units of the superlattice period. 
Ballistic motion of ultracold atoms has been 
seen in homogeneous optical lattices as large 
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Fig. 4. Temperature dependence of TEF spectra. (A) Vjy/l((B) minus a smooth background (30), for the electron densities |, ll, and IV (marked in Fig, 28) 


and temperatures up to 150 K. Increasing the temperature suppresses TEF. (B) Circles and triangles denote effective scattering rates «(T) extracted from the 
amplitude of TEF oscilations in (A). The heavy green curve shaws the theoretical scattering rate x, related to the electron-electron interaction. Square and 
ciamond symbols denote the rate of scattering by phonons «inferred from temperature-dependent sheet resistivity reported in Bandurin etal, (35) and Wang 


cet al. (36). The detection limit set by noise is shaded 
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as 100 unit cells (37), but in the solid state, the 
mean free path of electrons in semiconductor 
1D superlattices has been limited to 10 unit 
cells (38). Our experiment elucidates the key 
features of miniband electron dynamics in a 
moiré superlattice and points toward further 
explorations of novel transport effects. For in- 
stance, the saddle-point VHS could host exotic 
effects caused by enhanced electron-electron in- 
teractions (19, 39), and valley-contrasting phys- 
ies could be accessed by taking advantage of 
the severe trigonal warping of minibands (40). 
For technology, such a clear validation of the 
miniband conduction properties suggests that 
graphene/h-BN (and perhaps other moiré su- 
perlattices) may be a practical platform for devices 
based on miniband physies. Efficient photocur- 
rent generation at the edge of a graphene su- 
perlattice in a magnetic field (42) may be caused 
by the skipping orbits we have observed; further- 
more, THz devices such as the Bloch oscillator 
can benefit from the much longer scattering times 
in this system. 
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COGNITION 


Unexpected rewards induce 
dopamine-dependent positive 
emotion-like state changes 


in bumblebees 


Clint J. Perry,* Luigi Baciadonna, Lars Chittka 


Whether invertebrates exhil 


positive emotion-like states and what mechanisms underlie 


such states remain poorly understood. We demonstrate that bumblebees exhibit 
dopamine-dependent positive emotion-like states across behavioral contexts. After 
training with one rewarding and one unrewarding cue, bees that received pretest sucrose 


responded 


a pos 


ive manner toward ambiguous cues. In a second experiment, pretest 


consumption of sucrose solution resulted in a shorter time to reinitiate foraging after a 
simulated predator attack. These behavioral changes were abolished with topical 
application of the dopamine antagonist fluphenazine. Further experiments established that 
pretest sucrose does not simply cause bees to become more exploratory. Our findings 
present a new opportunity for understanding the fundamental neural elements of emotions 


and may alter the view of how emotion states affect deci 


‘motions are transient subjective states, un- 
derpinned by physiological, behavioral, and 
cognitive phenomena, triggered by apprais- 
al of environmental situations (1-3). Our 
conceptual understanding of emotions is 

largely based on human subjective experiences— 

‘what we “feel”—assessed directly through verbal 

reports. In animals, similar emotion-ike states 

can be inferred through observable, quantifiable 
parameters, To ensure that the criteria of emotion- 
like states are met and to distinguish these from 
other forms of environmentally induced states, 
perhaps driven by learning, we must quantify the 
range of physiological, behavioral, and cognitive 
‘phenomena that occur in response to environmen- 
tal factors, similar to those studied in humans (4). 
‘The majority of work on animal emotions fo- 
‘cuses on mammals and almost exclusively on neg- 
ative emotions (5). The idea that invertebrates 
may exhibit basic forms of emotion is increasing- 
ly accepted (6-8), and given the assumed adaptive 
function of emotions [to coordinate the individu- 
al’s cognitive and behavioral resources toward 
fitness-relevant priorities (1, 2, 9)], we might ex- 
‘pect that a diversity of emotion-like states, includ- 


jon-making in at 


ing positive ones, exist across phyla, albeit not 
necessarily consciously so (9-11). 

In humans, consumption of sweet snacks can 
induce positive emotions (12-14), Here we exam- 
{ne whether consuming a small amount of sucrose 
solution before performing a test causes bumble- 
bees (Bombus terrestris) to behave in away that 
is indicative of an induced positive emotion-like 
state, 

In experiment 1.1, we used the well-established 
judgment bias paradigm, in which subjects asso- 
ciate one cue with a positive event and another 
‘cue with a negative event (15). Subjects in a posi- 
tive emotion state tend to respond to ambiguous 
(intermediate) stimuli as though predicting the 
positive event (4). 

‘We trained bees in a go/no-go task. On some 
trials, bees leamed to enter a eylinder beneath a 
colored (e.g, blue) placard on one side of an arena, 
where they would find a 30% sucrose solution 
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(Fig. 1, A and B). On alternate trials, bees learned 
not to enter a cylinder at the opposite side of the 
arena under a placard of different color (eg, green), 
where they would find no reward (water only) 
‘The latency from the time that bees entered the 
arena to the time that they entered the presented 
evlinder was recorded. 

‘We then examined bees' response to (“udgment” 
of) ambiguous information (intermediate placard 
color and position; Fig. 1C). Half of the trained 
bees, randomly selected, received for the first 
time a 5-ul droplet (equivalent to <5% of stomach 
capacity) of 60% suerose solution in the tunnel 
leading to the arena; the other half received no 
pretest reward. Bees that consumed sucrose so- 
lution before making a decision took less time 
to enter the chamber of the middle ambiguous 
stimulus (Fig. 1D, tables Si and S2, and sup- 
plementary materials). 

Could it be that when bees consumed the small 
pretest reward, rather than experiencing a posi- 
tive emotion-like state, a higher expectation of 
subsequent reward resulted in greater explora- 
tion of novel stimuli? Previous work indicates 
that honeybees’ foraging choices are controlled 
by short-term memories initiated by recently 
experienced rewards (16, 17). However, in our study, 
bees tested with stimuli that were not interme 
diate to the trained stimuli (novel in terms of 
color; position, and number; experiment 1.2; Fig. 
1B) exhibited no difference in choice time (Fig. 1F 
and table $3) or number of choices (Fig. 1G and 
table S4) between the two groups, indicating that 
pre-<decision suerose consumption did not cause 
a general increase in expectation of reward. 

‘We considered whether the consumption of su- 
rose solution may simply make bees more excited 
or active, resulting in faster decisions in response 
to ambiguous stimuli. Thorax temperature in- 
creased after consumption of 5 ul of 60% sucrose 
solution (n= 72, tro = 6.78, P= 3.12 x 10°; ex- 
periment 2.1; fig. SI, A and B, and supplemental 
materials), denoting increased metabolic rate. But 
this did not translate to increased activity. Sucrose- 
receiving and control bees (n = 12 per group) 
showed no difference in light time (Can = 0.666, P = 
0.512) or speed (tan = 0.241, P = 0.812) to reach a 
feeder (experiment 2.2; fig. S1, Cand D, and sup- 
plemental materials), and when the feeder was 
removed, speed during a 120-s flight also did not 
differ between groups (n = 24, tm = -0.403, P = 
0.691; experiment 2.3; fig. SIE), suggesting that 
unexpected rewards did not affect bees’ overall 
activity level, 

Ithas been argued that one characteristic of 
emotions across species is generalization, a prop- 
erty whereby an induced emotion state operates 
across behavioral contexts (9). To examine whether 
these behavioral results were similar across con- 
texts, we tested whether an unanticipated reward 
‘would change bees’ reaction to later aversive 
stimuli (experiment 3). We trained bees to forage 
at a feeder containing 30% suerose solution, After 
training and on their next foraging trip, bees 
were held temporarily in the tunnel connecting 
the hive and arena. Bees either received an un- 
anticipated 5.41 droplet of 60% suerose solution 
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the bees received pretest 
sucrose (arrowheads). After 
two “reminder” trials, bees 
were tested with three ambiguous stimuli that alternated between the trained stimuli The order was counter 
balanced (fig. $3). (D) Results of experiment 11. The sucrase-receiving group took less time to enter the middle 
position (M) than the control group. Numbers shown are P values (the asterisk indicates significance) 
(E) Training procedure for experiment 1.2 [the view is as in (B) and (C)]. Bees (n= 24) were trained to find a 
reward under a blue placard and subsequently tested with two novel stimuli. (F and G) Results of ex: 
periment 12. Latency time to the feeder (F) and the number of choices (G) did not differ between groups. 
Here and elsewhere, bars indicate means, open circles represent individual bees, and error bars denote 
standard error. Generalized linear modeling analyses are reported in tables SI to S4. 
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Fig. 2. Attenuation of response to aversive stimuli. (A) Training and test procedure for experiment 3, 
Bees (n= 35) were trained to feed at a 30% sucrose solution feeder. Subsequently, bees received or did not 
receive 5 lof €0% sucrose solution before a simulated predator attack. (B) Results of experiment 3. Sucrose: 
receiving bees took less time to resume foraging behavior than the control group (tss=~370,*P = 787 « 10, 


or nothing (control). After a 10-s delay, a pred- 
ator attack was simulated, In nature, bees are 


their subsequent behavior to cope with such threats 
(28), Mimicking such an attack, each bee was cap- 


sometimes ambushed at flowers by sit-and-wait 
predators such as crab spiders; bees often escape 
after a brief struggle, allowing them to modily 


tured by a trapping mechanism, in which con- 
stant pressure was applied for 3 sby astamp-shaped 
device softened with a sponge and connected to 
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Fig. 3. Results of experiments blocking biogenic 
amines. All bees received 5 ul of 60% sucrose solu 
tion before testing, except as indicated in the right- 
most column of (A). (A) Results of experiment 
4.1 Dopamine (DA) antagonist-treated bees—but 
nat octopamine (OA) antagonist-treated bees, 
serotonin (5-HT) antagonist-treated bees, or DA 
antagonist-treated bees that did not receive pre- 
test sucrose—took more time to resume foraging 
behavior than DMF-treated bees after a simulated 
predator attack (asterisks denote significance; 
1s, not significant). (B) Results of experiment 42 
Fluphenazine (DA antagonist)-treated bees took 
more time to enter the middle position (M) than 
DMF-treated bees, indicating that drug treatment 
inhibited the judgment bias caused by pretest 
sucrose in the control group. Numbers shown are 
P values (the asterisk indicates significance). Gen- 
eralized linear modeling analyses are reported in 
tables $5 to SE. 


a micro-servo (Fig. 2A) (18), The bee was subse- 
quently released, and the time ittook to commence 
foraging was recorded. 

‘Sweet food can increase positive emotions and 
improve negative mood in human adults, and re- 
duce crying and grimacing of newborns in re- 
sponse to aversive stimuli (12-14), If drinking 
an unexpected sucrose solution caused a positive 
emotion-like state in bees, we predicted that, 
after consumption, bees’ aversive reaction to the 
“predator” would be attenuated, Indeed, bees that 
consumed sucrase solution before the “attack” 
took less time to reinitiate foraging (n = 35, fay 
-3.70, P = 7.87 x 10; Fig. 2B). 
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‘The insect reward system parallels that of mam- 
‘mals in several aspects, including some of the 
neurochemicals involved (19). In mammals, sev- 
eral neurotransmitters play key roles in both re- 
‘ward processing and emotions. We asked whether 
the biogenic amines linked to reward processing 
{n the insect brain might be involved in the be- 
haviors suggestive of emotion-like states that we 
observed. We topically treated bees (20, 22) with 
antagonists of the biogenic amines octopamine 
(OA; antagonist, mianserin; n = 20), dopamine 
(DA; antagonist, fuphenazine; n = 20), and sero- 
tonin (5-HT; antagonist, yohimbine; n = 20) and 
determined their effect on the behavior induced by 
pretest sucrose. Bees were trained as in experiment 
3. Fifteen minutes after application of an antag- 
‘nist or vehicle control (N,.V'-dimethylformamide, 
DMF; n = 20), bees received, for the first time, a 
54l droplet of 60% sucrose solution. After this, 
‘bees were subjected to a simulated predator attack, 
and the time taken to return to foraging was re- 
corded (experiment 41). Only bees treated with 
the DA antagonist took longer to begin foraging 
than control bees (analysis of variance, n = 96, 
Fy9q = 3.48, P = 0.011; Tukey post hoc test, P 
0.039; Fig. 3A). We speculate that this is a conse- 
‘quence of brain DA signals responding to an un- 
expected reward (22-25). To ensure that the DA 
‘antagonist was not simply interacting with path- 
‘ways mediating normal response to the aversive 
stimulus, bees were topically treated with DA an- 
tagonist without receiving pretest sucrose. The 
time to begin foraging for these bees was similar 
to both that of bees treated with DA antagonist 
and given pretest sucrose and that of control bees 
given no pretest sucrose [r = 16; Figs. 3A (DA an- 
‘agonist and pretest sucrose) and 2B (control)]. 

‘We explored whether blocking DA had similar 
effects on the observed cognitive consequences 
of pre-decision reward in the judgment bias par- 
adigm. Bees were trained as in experiment 1.1 
and then treated with either DA antagonist or 
DMF 15 min before consuming an unexpected 
5 11 of 60% sucrose solution and entering the test 
‘arena. Compared with control bees, DA antagonist 
treated bees took longer to enter the middle am- 
biguous stimulus chamber (experiment 49; Fig. 
‘3B and tables $5 and $6). 

Recent evidence suggests clear roles for DA in 
reward-elated processes in invertebrates (23), in- 
cluding motivation for reward (25), nutritional 
valuation of reward (22), and arousal (26). Our re- 
sults cormoborate DA's role in the neuronal processes 
mediating reward signals in bees. An intriguing 
prospect for research would be whether similar 
circuits controlling wanting, hunger, nutritional 
valuation, and/or arousal underpin the emotion- 
like states in bees indicated by our results. 

‘The behaviors displayed by bumblebees in re- 
sponse to a small amount of pre-decision suerose 
conform to the eriteria commonly applied to mam- 
‘mals for the interaction of internal emotion-like 
states with decision-making —namely, positive judg- 
ment bias in response to ambiguous stimuli and 
attenuated response to negative stimuli. Whether 
‘commion neural processing features evolved inde- 
pendently or an ancient role of biogenic amines 


evolved to serve similar funetions, new findings 
(including ours) support the hypothesis that the 
fundamental elements of emotion exist in many 
species (9). 
ur results lend support to the notion that in- 
vertebrates have states that fitthe criteria defining 
‘emotion (J, 9), ‘The adaptive function of emotions 
is thought to be the integration of information 
about the environment and body to modulate 
decisions and behavior (9). Understanding and 
investigating the basic features of emotion states 
will bring us astep closer to determining the brain 
mechanisms underlying emotion across taxa, 


REFERENCES AND NOTES 

LD, Nettie, M. Bateson, Cu. Bll. 22. R7I2-R72L (2012), 

2. 4. LeDaux. Newan 73, 653-676 (2012). 

3. MMendl 0. H P-Burman, ES. Pau, Proc. Sac: Londan & 
277, 2895-2504 (2010), 

4, E'S. Pau, EJ, Harding, M. Mend, Neurosci Biobehav, Re. 29, 
48-481 (2005), 

BL. Fredickson, Rov. Gen. Psychol. 2. 300-319 (1998) 

WT. Gson otal, Cur Bit 25, 401-1415 (2015) 

7. P. Fossa, 1. Bacqul-Cazonave,P_De Deurwardre, 

4. P, Debecque,D.Cattart, Science 344, 1293-1297 (2004), 
4M Batason S. Des, SE. Garside, B.A. Wight, Cur Beal 

21 1070-1073 au). 

1 Anderson, R. Adolphs, Cet 157, 167-200 (2014), 

10, 1 Panksapp Afetive Nourascince: The Foundations of 
Hunan and Animal Eton (Oxford Uw. Press, 1958), 

UL P. Wiskiolman, KC. Berridge, Cur ic Psychol Se. 13, 
120-123 (2008), 

12. P.M.A Desmot HN Sehifrsten Appetite 60 290-30 (2008), 

15. N. Ferrando al, Dee ey Pd 24, 261-266 (2003). 

4 Ne Macht, J. Mueler Appetite 49, 657-674 (2007). 

15, EJ, Haring, ES, Pau. M, Mandl, Nate 427, 312-a12 (2004), 

16, U. Greggs, R Meroe, Baha Ecol Soci. 32, 17-28 (1983), 

V7. LG. Nigel, E Rane, Entomol. Gen. 29, 179-189 (2007). 

1B, TC. Ings, L.Chitha, Cure Bo 38, 1520-1524 (2008), 

18 C1 Peny, A 8 Baron, Amu. Row Eom 8, S43-S62 (201), 

20, A.B. Barton, Malestha RK. Vander Meer, GE. Rabinson 
Ri Mbleszia, Insect Physio 3, 187-194 (2007). 

21, NDRenzo, D_R. MeDeematt J. N. Prt. Ethelogy 12 
801-812 (2015), 

22. W. Huoterath eta, Cur Bal 25, 751-758 2015), 

23, A.B Barron, E Sav JL Comes, Front. Baha. Mews, 4 
163 (2010). 

24, E Sek. C. J. Porty A.B. Baron, Genomics, Physioiogy and 
Behaviour of Social insets, A. Zayod, C.F. ont. Eds, vo. 8 of 
‘Advances i inset Ptysilogy, R. Jurenka, Ed. (Aeadmie 
ross, 2015), pp. 189-226, 

25. MJ. Krashes etal, Call 139, 416-427 (2008), 

26, R Andale, B. van Swinacen,R 1. reanspan, Cu, Bi 8, 
165-1175 (2008). 


ACKNOWLEDGMENTS 
We thank E. Sov, M. Osman, 1. Ze. Nawrath A. MeEigtt and 
‘A Barron for comments on eae dats and two anonymous 
‘oviower for thir Nl critica feedback. We aso thank E Sovk 
for hop wth statistical analyses. CLP. was funded by a Narie 
Curie Postdoctoral Fellowship. LB. was funded by a Queen Mary 
University of London Departmental Studentship. LC. was 
supported by a European Research Counc Advanced Grant and 
Royal Socely Watson Research Ment Award. Data are avalable 
inthe supplemontary material. 8 conceive the study 

CAP. LB, and LC. designed the experiments. CP. and LB 
Condictod the experiments and carrad out behavioral data 
analysis, The manuscript was wettan by CLP. LB. and LC. 


‘SUPPLEMENTARY MATERIALS 
vw slencemag org /eentent/353/6307/1528/suppl/DC 
Matenale and Methods 

Figs 1 to $5 

Tables SI to $6 

Reterence (27) 

Database SL 


‘9 Fetruary 2016, resubmitted 30 May 2016 


Accopted 5 August 2016 
OLU26/seienee anl4454 


40 SEPTEMBER 2016 + VOL S58 ISSUE 6307 1531 


Downloaded from hitp://science.sciencemag.org/ on October 7, 2016 


RESEARCH 


BIODIVERSITY 


An Anthropocene map of 
genetic diversity 
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The Anthropocene is witnessing a loss of biodiversity, with well-documented declines 

in the diversity of ecosystems and species. For intraspecific genetic diversity, however, 
we lack even basic knowledge on its global distribution. We georeferenced 92,801 
mitochondrial sequences for >4500 species of terrestrial mammals and amphibians, 
and found that genetic diversity is 27% higher in the tropics than in nontropical regions. 
Overall, habitats that are more affected by humans hold less genetic diversity than 


Our study associates geographic coor 


ns, although results for mammals are sensitive to choice of genetic locus. 
ates with publ 


ly available genetic sequences 


at a massive scale, yielding an opportunity to investigate both the drivers of this 
component of biodiversity and the genetic consequences of the anthropogenic 


modification of nature. 


ntraspecific genetic diversity, or the amount 

of genetic variation among individuals with- 

in a species, provides the critical basis for 

evolutionary change (J, 2), such as adapta- 

tion to new environmental conditions. Be- 
cause it both reflects and influences processes 
at the population (3, 4), species (5, 6), commu- 
nity (7), and ecosystem levels (8, 9), genetic di- 
versity is often considered the most fundamental 
dimension of biodiversity (10). Although the global 
distribution of species and ecosystems and their 
responses to global change have been extensively 
investigated in recent decades (11-14), the global 
distribution of intraspecific genetic diversity is 
still largely unknown (15). Genetic diversity has 
already diminished for many species as a result 
of abrupt climatic fluctuations and human activ- 
across the Late Quaternary (16), and this 
trend may be accelerating today. Knowledge of 
the global distribution of genetic diversity is there- 
fore of critical importance if we want to fully 
understand the long-term impacts of human- 
induced global changes in climate and land use 
on genetic diversity, evaluate the potential of spe- 
cies to adapt to global change in the Anthropocene, 
and ultimately to succeed in halting biodiversity 
loss. Indeed, genetic diversity has recently been 
identified as an essential biodiversity variable (17) 
required to monitor biosphere integrity, one of 
the nine environmental planetary boundaries 
within which humanity can safely operate (18). 
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‘Most of the current knowledge about the spa- 
tial distribution of intraspecific genetic diversity 
‘comes from the wealth of phylogeographic studies 
accumulated over the past 25 years. Although 
these studies have reported some emergent spa- 
tial patterns of genetic diversity at regional scales 
(6, 19), few regions have been studied as inten- 
sively as temperate Europe and North America 
(20), and truly global patterns thus remain to be 
identified. However, millions of genetic sequen- 
ces from a diverse array of studies have been 
deposited in public repositories during this same 
period (+180 million in GenBank alone), con- 
stituting an exceptional source of primary gen- 
etic data that could be used to explore global 
geographical patterns. While impressive in num- 
ber, the majority of these sequences are not ac- 
‘companied by geographic coordinates (>85% of 
all sequences in GenBank), and thei integration 
with other biodiversity information would require 
manually reviewing the thousands of individual 
papers in which they are published. 

Here, we took advantage of sequences publicly 
available in the GenBank and BOLD repositories 
and devised bioinformatic tools to map the global 
distribution of genetic diversity (27). We have at- 
tached geographic coordinates to a total of 92,801 
mitochondrial sequences (31,029 for amphibians 
and 61,772 for terrestrial mammals), representing 
38% and 27% of available sequences for amphib- 
ians and mammals, respectively. Using 86,406 
cytochrome b (cyt) sequences, we performed 
species-specific sequence alignments for 4675 
species and calculated nucleotide diversity per 
site for each species through pairwise compar- 
isons of georeferenced aligned sequences (24479 
cyt sequences from 1992 species). To map the 
average number of genetic mutations globally 
1), we estimated the genetic diversity of 
‘each equal area grid cell (~150,000 km") by aver- 
aging nucleotide diversity per site across all spe- 
cies present (20), 


‘The global map of genetic diversity for mam- 
mals and amphibians together (Fig. 1A) shows 
that the tropical Andes and Amazonia harbor 
some of the highest levels of genetic diversity 
(90th percentile: >0.023; fig. $16). Other regions 
with high genetic diversity include the subtropical 
parts of South Africa for mammals (80th per- 
centile: >0.013) and eastern parts of the Sino- 
Japanese region for amphibians (80th percentile: 
0,022; fig. $16). Within the temperate regions of 
the planet, western North America also contains 
high levels of genetic diversity, coinciding with 
the high mammalian species richness there (22), 
whereas eastern North America harbors high 
levels of genetic diversity in a region that is the 
global center of speciation and species richness 
for salamanders (23). These patterns are robust, 
to spatial variation in sampling intensity, as dem- 
onstrated by rarefaction analyses (27), but the 
high variability of genetic diversity across grid 
cells with low sample size requires a cautious 
interpretation of local patterns, The same anal- 
ysis based on an alternative gene for mammals, 
cytochrome oxidase subunit I (22,762 sequences 
across 966 species), shows that although genetic 
diversity values between loci are not correlated 
for individual grid cells (r = 0.094, P = 0.151; fig. 
1), they are highly congruent across latitudinal 
bands (r = 0.79, P = 0.001; fig. $4. 

Sequence availability and taxonomic cover- 
age vary greatly across the globe. The maps of 
ignorance (Fig. 2 and fig, $10) illustrate the spa 
tial distribution of key gaps in both types of cov- 
erage. Unsurprisingly, the majority of knowledge 
‘comes from western Europe, North America, and 
far Kast Asia, plus individual regions that have 
recently been the focus of much biogeographic and. 
phylogeographic research, such as Madagascar. 
Interestingly, western Europe supports some of 
the lowest levels of genetic diversity (20th per~ 
centile: <0,0015) for amphibians (Fig. 1C and fig. 
S16), although this is one of the best-sampled re- 
gions in terms of both sequence availability and 
taxonomic coverage (Fig, 2C and fig. S10C). This 
result suggests that our estimates of genetic di- 
versity are robust to the observed geographical bias 
in data availability, a conclusion that is eorrobo- 
rated by our sensitivity analyses (figs. 87 and 8) 

Despite the lower density of data in tropical 
regions relative to temperate regions of the North- 
er Hemisphere, we nonetheless identify a pat- 
tern of higher genetic diversity in the tropies with 
a decrease toward the poles, which broadly mir- 
rors the latitudinal gradient of species richness 
(mammals: pseudo-r* = 0.80, quadratic P = 0.001; 
amphibians: pseudo-? = 0.73, quadratic P = 0.001) 
(Fig. 3, A and C), Ithas long been speculated that 
higher temperatures in the tropics may result in 
increased evolutionary rates and that this may 
be the driver for the latitudinal species richness 
gradient (24). Our results are in accordance with 
the expectation of the proposed mechanism of 
the evolutionary speed hypothesis, which links 
biodiversity to temperature through its direct ef- 
fect on mutation rates and generation time, which 
in turn may inerease the rates of population gen- 
ctic divergence and speciation (24) Mittelbach et al. 
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Fig. 1. Global distribution of genetic diversity. (A to C) Average number of mutations per base pair for cytb across species of terrestrial mammals and 
amphibians together (A), terrestrial mammals alone (B). and amphibians alone (C). Different colors represent eight quantiles. The gray bar below each 
map represents the total number of cytb base pairs retrieved from GenBank and BOLD: the green bar shows the number of georeferenced base pairs 
Used to estimate the global distribution of genetic diversity. 


SCIENCE. sciencemag.org 80 SEPTEMBER 2016 + VOL $58 ISSUE 6s07 | 1533 


jence.sciencemag.org/ on October 7, 2016 


Downloaded from hitp:// 


RESEARCH | REPORTS 


Fig. 2. Global distri- = A, Combined taxa 
2 


bution of knowledge 
and ignorance. (Ato 
©) Distribution using 

all mitochondrial data 
for mammals and 
amphibians together 
(A), mammals alone 
(8), and amphibians 
alone (C). In the color 
scale (lower left 
comer of each map). 
the x axis indicates 
the taxonomic cover 
age, defined by the 
percentage (log scale) 
of species known to 
inhabit each grid cell 
for which at least one 
georeferenced mito- 
chondrial sequence is 
available for that cell 
‘The y axis indicates, 
sequence availability 
[ie., the total number 
of georeferenced 
mitochondrial base 
pairs (log scale) 
within each grid cell). 
In each map, violet 
colors indicate 
regions of low taxo- 
namic coverage and 
relatively few geo 
referenced base pairs; 
green colors indicate 
higher taxonomic 
coverage and higher 
numbers of base 
pairs light blue colors 
indicate high taxo- 
nomic coverage and = Amphibians 
few base pairs: red 

colors indicate low = 
taxonomic coverage 
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(25) observed that “several formidable challenges | tested. ‘The data presented here open the door | among geographical area, water-energy dynam- 
to the evolutionary speed hypothesis remain,” in- | to testing this and other potential mechanisms | ies, and evolutionary time (26). 

cluding the lack of appropriate data at a scale | driving biological diversity in the tropics, such | ‘There is a growing consensus that humans have 
from which generalities may be inferred and | as climatic stability or the complex relationship | transformed habitats and have affected ecosystems 
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Fig. 3. Distribution of genetic diversity across latitudes and anthromes for mitochondrial cytb. 
(Ato D) Gray bars (lower x axis) indicate the average numiber of mutations per base pair for cyth (means + 
SD) across species of terrestrial mammals ((A) and (B)] and amphibians ((C) and (D)] in each latitudinal 
band [(A) and (C)] and anthrome ((B) and (D)]. The length of colored bars (upper x axis) indicates the 
number of cyth base pairs used in the calculation of genetic diversity (GD); the depth of color shading 
denotes the percentage of species used in the calculation of GD relative to species richness of each 
category. Quadratic polynomial models indicate a peak of GD in the tropies (mammals, pseudo-r? 

0.80; amphibians, pseudo-r® = 0.73). Error bars represent SD trom the mean of the bootstrapping 


analysis. 


across most of the terrestrial biosphere (27, 28). 
‘This transformation has been recently mapped on 
the basis of human population density and land 
use, leading to a classification of the terrestrial 
‘world into anthropogenic ecosystems, or anthro- 
mes (29). This classification allows exploration 
of potential anthropogenie impacts on the dis- 
tribution of genetic diversity, independently 
for amphibians and mammals. For amphib- 
ians, we find an inerease in genetic diversity as 
‘we move from anthromes more heavily trans- 
formed by humans—dense settlements, villages, 
and croplands—toward those less affected by 
human pressure, including rangelands, forested 
ecosystems and wildlands (Jonckheere-Terpstra 
test, JT statistic = 55,006.5, P = 0.004, increas- 
ing trend; Fig. 3D and S144). For mammals, we 
detect the same pattern of increasing genetic 
diversity toward anthromes less affected by 
human pressure for the co? gene (Jonckheere- 
‘Terpstra test, JT statistic = 352,761, P = 0.025, 
increasing trend; figs. S4B and S148); how- 
ever, differences in genetic diversity across 
anthromes are not statistically significant for 
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the cyth gene (Kruskal-Wallis test, 7” = 9.696, 
df= 5, P = 0.084; Fig. 3B and fig. SH4C). 

“This study does not intend to explain the pro- 
‘cesses responsible for the higher levels of genetic 
diversity in the tropies, nor its relationship with 
human impacts in the Anthropocene. However, 
it reveals the very limited knowledge of the 
global distribution of biological diversity at its 
‘most fundamental dimension, the genetie di: 
versity level. As Fig. 2 shows, the regions of 
least knowledge are also those that harbor 
some of the highest numbers of species on Earth. 
Consequently, there is a need to develop data- 
mining algorithms to georeference the millions 
of sequences already available in public reposi- 
tories, as well as better strategies to curate future 
phylogeographie data. Moreover, itis important 
to hasten the collection of new genetic data in 
the field to cover undersampled regions. To en- 
courage such efforts, we make the coordinates of 
the georeferenced sequences—representing 
30% of the sequences available in publie repo- 
sitories for these taxa and genetic loci—freely 
available at the iMapGenes website (30), along 


with the analytical tools to estimate spatial pat- 
terns of intraspecific diversity. 
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SOCIAL MEMORY 


Ventral CAI neurons store 


social memory 


‘Teruhiro Okuyama," Takashi Kitamura,’ Dheeraj S. Roy, 
Shigeyoshi Itohara,” Susumu Tonegawa??* 


The medial temporal lobe, including the hippocampus, has been implicated in social 
memory. However, it remains unknown which parts of these brain regions and their circuits 
hold social memory. Here, we show that ventral hippocampal CAl (vCAl) neurons of a 


mouse and their proje 


yns to nucleus accumbens (NAc) shell play a necessary and 


sufficient role in social memory. Both the proportion of activated vCAI cells and the 
strength and stability of the responding cells are greater in response to a familiar mouse 
than to a previously unencountered mouse. Optogenetic reactivation of vCAI neurons that 


respond to the familiar mouse enabled memory retrieval and the associ: 
hus, vCA1 neurons and their NAc shell projections are a 


neurons with unconditioned stimuli 


ion of these 


component of the storage site of social memory. 


he ability to recognize and memorize fami 
liar conspecifies (social memory) is eruci 
for animals that exhibit social interactions 
(i, 2). Lesion and recording studies in hu- 
mans and monkeys have suggested that 
the medial temporal lobe or the hippocampus 
plays an essential role in social memory (3-6). 
In mice, most early lesion or recording studies 
concluded that the hippocampus is dispensable 
for recognizing a familiar conspecific (7-9), where- 
as a few recent studies suggested the contrary 
(10-12), Although these human and animal studies 
‘identified brain areas important for social memory, 
the precise cellular populations storing this type of 
‘memory and their essential circuits are unknown, 
‘The intrinsic pattern of connectivity in the 
hippocampus is fairly invariable along the lon- 
gitucinal axis (28) across many species (14). How- 
ever, the afferent and efferent connectivity along 
this axis changes from one end to the other, sug- 
gesting that dorsal and ventral hippocampus of 
rodents (corresponding to posterior and anterior 
hippocampus, respectively, of primates) may have 
distinct functions (14, 15). It is well established 
that the rodent dorsal hippocampus (AHPC) plays 
an essential role in episodic memory (15). In 
contrast, the memory funetion of the ventral hip- 
pocampus (vHPC) is poorly known, In this study, 
wwe generated a transgenic mouse line, transient 
receptor potential channel 4-Cre (Trpet-Cre), to 
investigate the potential role and physiological 
characteristics of the pyramidal neurons in the 
CAI subfield of the ventral hippocampus (vCA1) 
in social memory. 
Mice naturally spend more time interacting, 
with a previously unencountered (“novel”) mouse 
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than a familiar one (16); social memory can be 
quantified by measuring the relative interae- 
tion durations with a novel and a familiar mouse 
‘under free-choice conditions (social diserimina- 
tion test or SDT) (Fig. 1, A and B). This ability 
to socially discriminate between the novel and 
familiar mice persisted for 30 min after a famil- 
iarization session, but disappeared by 24 hours 
(Fig. 10). To investigate the potential role of 
VHPC and dHPC in social memory, we targeted 
bilateral injections of adeno-associated virus 8 
(AAV8)-calcium/calmodulin-dependent protein 
Kinase Il (CaMKID:eAreh'T-enhanced yellow fluo- 
rescent protein (EYFP) and optie fiber implants 
to CAI or dorsal CAI (ACAD) of wild-type mice 
(Fig. 1D). Expression of eArch'T-EYFP was abun- 
dant in VCAI or dCA1, although it was also ob- 
served to a lesser extent in CA and the dentate 
gyrus (DG) (Fig. 1, E and F). Optogenetic cell 
body inhibition of VHPC but not dHPC resulted 
in a deficit in the SDT (Fig. 1, G, H, O, and P). In 
the residentintruder test (Fig. 11 and fig. SI), 
optogenetic inhibition of VHPC but not HPC 
increased the sniffing duration toward a familiar 
intruder with no effect when a novel intruder was 
used (Fig. 1,J and K). 

“To identify downstream brain region(s) involved 
in social memory, we injected AAV9-tetraeyeline 
response element (TRE):channelrhodopsin-2 
(ChR2)-EYFP into vCAI of e-fos:tetracyeline trans- 
activator (t1'A) mice to label neurons activated 
by social interaction (17, 18). NAc shell, olfactory 
bulb (OB), and basolateral amygdala (BLA) were 
‘the major targets of the social interaction-specific 
‘VCAI neuronal projections (fig. $2). Moreover, 
retrograde tracer cholera toxin subunit B (CTB)- 
‘Alexa556 injection into NAc, OB, or BLA labeled 
‘VCAI but not dCAI neurons (fig. $3). We then 
examined whether any of these projections are 
necessary for social memory by bilaterally inject- 
ing AAVS-CaMKII-eArchT-EYFP into vHPC and 
then optogenetically inhibiting axonal terminals 
Of the vCAT neurons in the respective target areas 
while the mice went through the SDT (Fig. 1, L 


tN, Qto S, and fig. $4), vHPC-NAc projections, 
but not VHPC-OB or VHPC-BLA, were essential for 
social discrimination behavior. 

‘To more rigorously establish the functional 
role of the vCAI-NAc connection, we generated 
a CAI pyramidal cell-specific Cre mouse line, 
‘Trpet-Cre, that covers both vCAI and dCAl (fig. S5 
and Methods). Using Trpet-Cre mice, we selec- 
tively targeted vCAI excitatory pyramidal neu- 
rons by injecting AAV9-human synapsin (hyn): 
double-floxed inverse open reading frame (DIO) 
‘eArehT-EYFP into CAI (Fig. 2, A and B, and fig, 
$6), We confirmed that the vCAI neurons speci- 
fically project to the NAc shell but not to the NAc 
core, as identified by tyrosine hydroxylase (TH) 
staining (Fig. 2C), Further, CTB injection into 
NAc labeled the Trpet-expressing deep layer 
(vCAid), but not the superficial layer (vCAIs), 
pyramidal cells in vCA1 (Fig. 2B). Bilateral in- 
jections of AAV9-hsyn:DIO-eArchT-EYFP into the 
VCAI of Trpet-Cre mice and optogenetic inhibi- 
tion of vCAI cell body (Fig. 2, D and H) or its, 
axonal terminals in NAc (Fig. 2, F, G, and J) 
resulted in a SDT deficit similar to that ob- 
served by VHPC-NAc inhibition (compare Fig. 
2G with Fig. 1L). Optogenetic inhibition of vCAT 
cell body during the familiarization period also 
led to a similar SDT defect (fig. $8). The possi- 
bility that these deficits are due to inhibition of 
dorsal CA2 (CA2) activity is exeluded because 
ACA2 is unlabeled with eArchT-EYFP in these 
mice (fig. S6C). ACAI cell body inhibition was 
carried out using Wis1-Cre mouse line expressing 
Cre in dCAI but not in vCAI or dCA2 (fig. $9) 
(29), which showed no deficit in a SDT (Fig. 2, 
Eand D. 

Inhibition of VCAL-NAc shell projections in 
‘Trpe4-Cre mice only during the interaction with 
a novel mouse did not affect the SDT (Fig. 2K, 
middle, and fig. $7A), whereas inhibition only 
during interaction with a familiar mouse dis- 
rupted social discrimination between the two 
mice (Fig. 2K, right, and fig. S7A). In contrast, 
when a pair of novel mice (Fig. 21. and fig. S7B), 
novel and familiar objects (fig. S10A), or novel 
and familiar contexts (fig. S1OB) were used, there 
‘was no effect of vCAI-NAc shell inhibition, 

‘We performed a SDT using Trpet-Cre mice 
expressing AAV9-elongation factor 1c (EFla):DIO- 
‘ChR2-EYFP in vCAI while stimulating vCAL-NAc 
shell projections (Fig. 2, M and N, and fig. $7). 
Optogenetie activation of vCAL-NAc shell termi- 
nals during social interaction with a novel mouse 
disrupted the SDT (Fig. 2M, middle, and fig. 
S7C). With a pair of novel mice as the targets, 
stimulating VCAI-NAc shell projections during 
interactions with one of the novel mice greatly 
reduced the sniffing duration of that mouse com- 
pared to the other novel mouse (Fig. 2N and fig. 
7D). Optogenetic activation of vCAI-NAc shell 
terminal during interaction with a familiar mouse 
had no effect in the SDT (Fig. 2M, right, and fig. 
‘S7C), Light activation did not affect the SDT in 
the EYFP control groups (fig. Sil, A and B). 
With novel objects in place of mice, interactions 
of the test mouse were not affected by activation 
of the VCAL-NAc shell projections (fig. SIIC). 
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‘These results suggest that increased activation 
of the VCAI-NAc shell projections while the test 
‘mouse was in the novel-mouse domain disrupted 
the discriminatory social behavior by making the 
test mouse perceive the novel mouse as familiar 

‘To monitor the activity of vCA1 cells before 
and after the familiarization of a conspecific 
mouse, we injected AAV5-hsyn:DIO-GCaMP6t 
into the vCA1 of Trpe4-Cre mice and implanted 
a microprism grin lens targeting the pyramidal 
cell layer in vCAI (Fig. 3, A and B; see Methods) 
(20, 21), Ca** events in vCA1 neurons (Fig. 3, D 
and E) were recorded during exposure to two 
novel mice (A and B) in two consecutive 5-min 
sessions with mouse A and mouse B in counter- 
balanced positions, followed by a 5-min control 
session with no mice (Before group). The test 
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Famitiarization 
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mice were subjected to 3-day-long or 2-hour- 
long familiarization with mouse A, and the 
recording sequence was repeated after 30 min 
. 


or 24 hours’ separation (After-1 group) (Fi 
For each neuron, we calculated a “preference 
score” based on the head position of the test 
mouse during each recorded Ca“* event and 
identified vCA1 cells that exhibited selective 
activation by mouse A or mouse B (Fig. 3G 
and fig, $12). There was a significant increase 
in the proportion of mouse-A neurons after & 
days’ or 2 hours’ familiarization to mouse A (Fig. 
3H). In contrast, there was no effect of familiar- 
ization on the proportion of cells active around 
mouse sampling locations in control sessions 
(No mouse). Similarly, familiarization had no 
effect on the proportion of mouse-A neurons 


AAV inj. + Optic fiber 


>] 
Sy 
q 
Sy 


in dCA1 of WisL-Cre transgenic mice (Fi 
and H). 

‘We determined the preference score of mouse- 
A neurons in Before group and After-1 group, as 
well as After-2 group that had a second 3-day 
familiarization. The preference scores of indi- 
vidual mouse-A neurons were not correlated be- 
tween Before group and After-1 group, whereas 
these scores were correlated between After- 
1 group and After-2 group (Fig. 3, I to L). In ad- 
dition, mouse-A neurons of After-1 group showed 
an increase in Ca** event probability around the 
mouse-A sniffing area, whereas mouse-A neurons 
did not show such an increase in Ca** proba- 
bility in the mouse B sniffing area (Fig. 3M). 
Although the individual mouse-A neurons were 
still significantly activated by mouse A (Fig. 3,N 
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Fig. 1. vHPC in social memory. (A) Social discrimination test (SDT). (B) Rep: 
resentative heat map of test-mouse position during the SDT. (€) kinetics of the 
SDT (see Methods). (D to F) Expression of AAV8-CaMKil:eArchT-EYFP (green) 
inVHPC or dHPC of wild-type mice. Asterisk indicates optic fiber tip. (@ and H) 
Total duration in the sniffing area of familiar mouse A or novel mouse B during a 
SDT with inhibition of vHPC [(G) and (0), n=17 mice] or dHPC [(H) and (P), n= 
14 mice}. (I) Resident-intruder test. (J and K) Total sniffing duration by the 
resident to intruder [(J), vHPC inhibition: (K), dHPC inhibition) in familiar 
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intruder group (left) and 


with optical fibers targeti 


novel-intruder group (right) (n= 7 mice, each group). 


(LtoN) Total duration in sniffing area during a SDT observed in wild-type mice 
bilaterally injected with AAV8-CaMKikeArchT-EYFP into vHPC and implanted 


ing NAc [(L) and (Q),n = 23 mice], OB [(M) and (R), n= 


16 mice], or BLA [(N) and (S), n = 13 mice]. (O to $) Comparison of dis: 
‘crimination scores. Green bars, laser on; gray bars, laser off. Significance for 
multiple comparisons: paired t test, *P < 0.05; **P <Q.01; ***P < Q001 ns. 
not significant, Data presented as mean + SEM. 
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and 0), Ca" event probability of these neurons 
in mouse-A area was reduced when the record- 
ings were conducted after 24 hours’ separation 
following familiarization (Fig. 3P). 

“The c-fos:tTA/TRE system permits labeling and 
manipulations of memory engram cells (17, 22). 
‘We used this technology to characterize mouse- 
A neurons. First, we injected AAVO-TRE-fluorescent 
timer (FT)-Slow into the VCAI of e-fos:tTA mice 
and induced expression of FT-Slow in neurons 
activated by social interaction (Fig, 4A). The fluo- 
rescence of FI-Slow changes naturally over time 
(23), from blue (pseudo-green), 12 hours after 
induction, to red, 72 hours after induction (Fig, 
4, A and B, and fig. $13). Test mice interacted 
with mouse A twice, or with mouse A and then 
mouse B, with a 72-hour separation (Fig. 4, C 
and D). The proportions of reactivated cells with 
an overlap of red and blue signal was signit 
cantly higher in test mice exposed to the same 
mouse A twice, versus those exposed to mouse 
A followed by mouse B (Fig. 4 and fig. S13). A 
similar quantitative analysis of vCAI reactiva- 
tion using H2B-EGFP [nuclear localized EGFP 
(enhanced green fluorescent protein)] and c-Fos 
expression showed comparable results (fig. SM), 

Second, we targeted injection of AAV9-TRE: 
ChR2-EYFP and optie fibers to VCAI of efos:tTA 
mice and labeled vCAI cells that were activated 
by 2 hours of exposure to a mouse A with ChR2 
while the efos:tTA mouse was off doxyeyeline 
(OFF-Dox) (Fig. 4, F and G, and fig. $2). As ex- 
pected, social memory was absent in the SDT 
conducted after 24 hours’ separation (Fig. 4H, 
left), but was present when blue light was shone 
to the whole test box (Fig. 4H, right). Control 
experiments conducted with no ChR2 mice (Fig, 
41) or a pair of novel mice during the SDT (fig. 
S15A) did not show social memory. Restricting 
blue light to mouse-A area but not mouse-B area 
also caused the restoration of social memory (Fig, 
4J). These results suggest that even after social 
memory cannot be retrieved by natural cues, the 
memory engram cells for the familiar mouse 
are sufficiently retained and can be reactivated 
optogenetically for memory retrieval (17, 24), 
Indeed, the proportion of mouse-A neurons re- 
activated by blue light is much greater than that 
reactivated by natural cues (ie, mouse A) after a 
Slay separation (compare fig. S16G and Fig 
4E). We further investigated the parameters that 
affect social memory, including the postfamilia- 
rization separation periods, the proportion of re- 
activated familiar mouse-A neurons, the nature 
of recall cues (natural versus optogenetic), and 
the strength of the reactivation methods (figs. 
S14 and S16). The data indicate that optogenetic 
stimulation is more effective than natural stimu- 
lation in reactivating memory engram cells and that 
certain minimum threshold level of reactivation of 
‘mouse-A neurons will have to be reached for social 
memory to be expressed in the SDT paradigm. 

‘Third, we used the memory inception protocol 
(Fig, 4K) (22), After 24 hours’ separation, ChR2- 
labeled mouse-A neurons were light-activated 
simultaneously with foot-shock delivery [i.e., 
negative unconditioned stimulus (US)] or cocaine 
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administration (ie. positive US). The test mouse 
exhibited avoidance or approach behavior toward 
mouse A, respectively, in a SDT condueted the 
next day (Fig. 4, K to N). Negative control groups 
with no ChR2 (.e., AAV9-TRE:EYFP alone) (F 
4, O and P) or no US (fig. S15B) did not show 


Trpe4-Cre mice 


ce 


Duration (sec) 


Mouse A 8 
Laser “OFF —ON 
Area 


any behavioral alterations, No avoidance or ap- 
proaching behavior was observed when two novel 
mice (B and B’) were used as the target mice 
during the test (fig. $15, C and D). AAV9-TRE: 
ChR2-EYFP injection into dCA1 of e-fos:tTA 
mice did not lead to memory inception (fig. S17). 
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Fig. 2. VCALNAc circuit in a SDT. (A) Coronal vHPC sections of a Trped-Cre mouse injected with 
AAVS-hsyn:DIO-eArchT-EYFP into vCAL, stained with anti-GFP (green) and DAPI (4 6-diamidino-2. 
phenylindole, blue). (B) CTB-Alexa586 (red) injection into NAc and stained with anti-GFP (green) and 


DAPI (blue). (G) Coronal NAc sections of a Trpc4-Cre 
into VCAl, stained with anti-GFP (green), anti-TH (or 
(co); septum (sep): stratum (str). Boxed areas in 


‘mouse injected with AAV9-hsyn:DIO-eArchT-EYFP 
range), and DAPI (blue). NAc shell (sh): NAc core 
(A) and (C) are magnified. (B and ) Cell body 


inhibition of vCAL and dCAl during a SDT in Trpc4-Cre and WfsI-Cre mice, respectively. (F) Manipulation 
of vCALNAc shell projections. (G and K to N) SDT in Trpc4-Cre mice during vCAL-NAc manipulation. 


VCAL injections of AAVS-hsyniDIO-eArchT-EYFP [(G), 
AAVS-EFle:DIO-ChR2-EYFP [(M) and (N), each n = 


14 mice: (K) and (L). each n = 12 mice] and 
14 mice]. (H to J) Comparison of discrimination 


scores. Bottom, targeting area for the laser stimulation. Mouse A, familiar mouse; mouse B and -B novel 
mouse. Green bars, green laser on; blue bars, blue laser on; gray bars, laser off, Significance for multiple 
comparisons: paired t test, *P < 0.05; **P < O01; ns., not significant. Data presented as mean + SEM. 
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‘The possibility that the observed optogenetic 


recall or memory inception is 
held in adjacent dCA2 is exclu 


labeling of dCA2 cells with ChR2 could be ob- 


served under our experimental 
S17, D to F). 
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We have established that VCAI and its projec 
tions to NAc shell play a necessary and sufficient 
role in social memory in the mouse, Further- 
more, we have provided evidence that vCAL 
pyramidal cells hold the memory of a familiar 
mouse; a population of vCA1 pyramidal cells 


due to memory 
\ded because no 


conditions ( 


are activated 


y exposure to a familiar mouse, 


a large fraction of these cells are reactivated 
by reexposure to the same mouse, and optogen- 
etic reactivation of the vCAI cells previously 


activated by exposure to a familiar mouse eli- 
cited recall of the specific social memory as 
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Fig. 4. Social-memory engrams. (A) Activity-cependent iabeling method 
(B) Injection of AAV9-TRE-FT-Slow into vCAL of c-fos:tTA mice. Top, fluores: 
cent color alteration of FT-Slow. Bottom, coronal vCAI sections 12 hours (left) 
and 72 hours (right) after induction, Representative images of a biue-form 
(pseudo:green color)~ or red-form (red) expressing cell. (C) Protocol for vist 
alizing two activated neuronal populations. (D) FT-Siow blue form-, red form 
and double (yellow)=positive cells in CAL (left) with magnified image (right). 
(E) Percentage of reactivated cells when the test mouse was exposed to the 
same mouse A twice (A/A) or mouse A and then mouse B (A/B) (n= 3 mice, each 
group), (F) Protocol for optogenetic recall of social-memory engram. (G) vCAL 
section of c-fostTA mice injected with AAVO-TRE:ChR2-EYFP showing ChR2- 
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labeling by social interaction, (H to J) SOT with or without activation of engram 
calls. Blue bars, blue laser on; gray bars, laser off. Bottom, targeting area for 
the laser stimulation. (K) Protocol for memory inception. (L. M, O, and P) Pro- 
portion of total duration in the sniffing area of mouse A or mouse & (yellow 
bars, pretest; blue bars, shock test; red bars, cocaine test). fos:tTA mice in 
jected with AAV9-TRE:ChR2-EYFP [(H), (J), (L), and (M)] or AAV9-TRE:EYFP 
[d), (0), and (P)). (N) Heat map representing nose position of test mice. (H), 
n= 10 mice; (I), n = 6 mice; (J), n = 10 mice, (L), n = 10 mice; (M), n = 14 
mice; (0), n = 7 mice; (P),n =7 mice; significance for multiple comparisons: 
paired f test [(H) to (D] and ANOVA, post-hoc, Scheffe [(L}, M), (0), and (P)]. 
*P-< 0.05; **P < O01: ns. not significant. Data presented as mean * SEM, 
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monitored by a social discrimination test. Thus, 

the vCA1 cells activated by the exposure to a 
familiar mouse satisfy the criteria to be met by 
engram cells for a specific memory (25). It is 
interesting that this recall of the social memory 
by light can occur even after the mice have 
fallen into an amnesic state. This indicates that 
the specific social memory information is retained 
in the specific vCA1 cell population during at least 
1 day after encoding but that natural recall cues 
are not strong enough to reactivate these cells 
for memory recall; in contrast, the 20-Hz blue 
light is stronger and reactivates the engram 
cells above the threshold necessary for recall. 
‘This interpretation of light-mediated recall of 
the social memory is supported by the inception 
experiment; the social memory is retained in 
the amnesic mice, and the light-reactivated 
engram serves as a CS and becomes associated 
with a high-valence US (footshocks or cocaine) 
to evoke avoidance or preference behavior. 

‘The present study helps to resolve the con- 
troversy (7-9) regarding the necessity of mouse 
hippocampus for social memory and corrobo- 
rates previous observations made in primates 
(4-6). In macaques, a large population of neu- 
rons in the anterior hippocampus responded 
to socially relevant cues such as faces and voices 
of individuals (6), In human medial temporal 
lobe, including the anterior hippocampus, there 
are cells that respond more to famous or per- 
sonally relevant people than to unfamiliar people 
(4, 5). The overall results suggest evolutionary 
conservation of the role of the hippocampal areas 
as the sites of social memory. 

Recent studies have shown that dCA2 is erit- 
ical for sociooognitive memory processing (10, 11,26). 
CA2 neurons have longitudinal rostro-caudal 
projections to vCAI (fig. S18) (27, 28) and con- 
nect with the deep layer of CA1 more strongly 
than with the superficial layer (28). It is thus 
possible that the dCA2-vCAId-NAc circuit com- 
poses the engram cell ensemble pathway for 
social memory (25). However, it is also possible 
that the role of dCA2 in social memory is to 
convey to vCAld appropriately processed and 
socially relevant cues, rather than holding mem- 
ory information per se. 

Compared to other forms of episodic memory, 
social memory lasts no more than a few hours 
Fig. 1C) under laboratory conditions (29, 30), 
although it ean be prolonged to a week by vaso- 
pressin release, or to 24 hours by group housing 
(12, 29, 31). We have demonstrated by optoge- 
neties that the engram cells for social memory 
formed in a laboratory environment can be 
retained in vCA1 for at least 2 days. ‘Thus, the 
relatively short duration of social memory is 
apparently due to inefficient retrieval rather 
than failed retention of the memory. It would 
be interesting to test the hypothesis that in- 
creased vasopressin and/or group housing pro- 
longs social memory duration by promoting the 
retrieval process 

Overall, our study establishes vCA1 and its NAc 
projections as a site of social memory and pro- 
vides insights and clues to the neuronal mech- 
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anisms underlying this important form of memory 
(ig. S19). 
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MAVS-dependent host species range 
and pathogenicity of human 


hepatitis A virus 
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Hepatotropic viruses are important causes of human disease, but the intrahepatic immune 


response to hepatitis 


ises is poorly understood because of a lack of tractable small- 


animal models. We describe a murine model of hepatitis A virus (HAV) infection that 


recapitulates critical features of type A hepatitis in humans. We demonstrate that the 
capacity of HAV to evade MAVS-mediated type | interferon responses defines its host 
species range. HAV-induced liver injury was associated with interferon-independent 
intrinsic hepatocellular apoptosis and hepatic inflammation that unexpectedly resulted 
from MAVS and IRF3/7 signaling. This murine model thus reveals a previously undefined 
link between innate immune responses to virus infection and acute liver injury, providing a 


new paradigm for 


though viral hepatitis is an important cause 
of human morbidity worldwide, there are 
no small-animal models that accurately 
recapitulate liver disease caused by any of 
the five responsible viruses (1, 2). Previous 
studies have relied heavily on nonhuman pri- 


I pathogenesis in the liver. 


mates, especially chimpanzees (4, 4), to investigate 
pathogenesis and immune responses to hepatitis, 
viruses. This has handicapped efforts to under- 
stand host responses within the unique immuno- 
logic environment of the liver (5, 6). Recent NIH 
policies effectively eliminate the use of chimpanzees 
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in such studies (7), intensifying the need for 
altemative models. Here, we report a murine mod- 
el that recapitulates many features of human in- 
fection with hepatitis A virus (HAV), a hepatotropic 
picornavirus (genus Hepatovirus) that circulates 
in blood as quasi-enveloped, membrane-cloaked 
virions and is shed in feces as naked, nonenveloped 
particles (8). 

Like hepatitis B (HBV) and hepatitis C (HCV) 
viruses, the host range of HAV is considered re- 
stricted to humans and nonhuman primates (2, 9). 
However, successful adaptation to growth in murine 
and guinea pig cells suggests a broader host range 
(10, 12). Closely related viruses have also been dis- 
covered recently in bats, rodents, shrews, and 
hedgehogs, with phylogenetic evidence suggest- 
ing past shifts among host species (12). HAV rep- 


‘Tinebarger Gmprehensive Cancer Genter Universy of 
North Cartina, Chapel Kl, NC 27517. USA. “Department of 
Microbiology and Immunology, University of North Carolina, 
Chapel Hl NC 27517, USA. “Department of Medicine, 
University of North Carlina. Chapel Hil, NC 27517 USA 
“Department of Gnetcs, Univesity of Neth Carona, 
Chapel Hl, NC 27517, USA. “Department of Pathology and 
Laboratary Medicine, University of North Carlina, Chapel 
Hl NC 27517, USA. Department of Population Health and 
Pathebiology, North Caaina State Unversity College of 
Veterinary Medicine, Raleigh, NC.27607, USA 

*Prestnt adres: Conte for Vacs and munity, The 
esoreh hatte at Nation Chiseen’s Hagp, Columbus. 
OH, USA #Corespanding autor. Email: smlemonémed.une eds 


> 


HAV RNA 
Feces (>-GE/10 mq) 


‘Serum (=2 GE/10 ul) 


Pr 
1 71 2 a 41 
Days postinoculation 


100 120 140 760 


lication is strongly suppressed by type I interferon 
(IFN) (13), but HAV—like HCV—blunts IFN re- 
sponses in human cells by expressing proteinases 
that degrade MAVS and TRIF, adaptor molecules 
involved in the induction of IFN (13, 14). As a 
result, infected chimpanzees demonstrate limited 
type I IFN responses (4). Because the sequences 
targeted in human MAVS and TRIF are not con- 
served in small mammals (fig. SIA), the inability 
of HAV to infect these species could stem from a 
failure to disrupt IFN responses. 

To test this hypothesis, we intravenously in- 
culated inant Ifngr” double knockout (DKO) 
‘mice, which lack receptors for both type I and 
type II IFN, with wild-type human HAV (15). These 
mice proved highly permissive for infection, de- 
veloping multiple features of acute hepatitis 
Ain humans (4, 16): fecal HAV shedding, low- 
grade viremia, and elevated serum alanine ami- 
‘notransferase (ALT) activity (Fig. 1A). Multifocal 
inflammatory cell infiltrates, often surrounding 
‘necrotic or apoptotic hepatocytes, were present 
in liver at 37 to 41 days post-inoculation (dpi) 
together with HAV RNA (Fig. 1B and fig. 2A). 
Fecal shedding of infectious virus was confirmed 
by three subsequent passages in DKO mice, each 
leading to intrahepatic HAV RNA, fecal virus shed- 
ding, and elevated ALT (Fig. 1C and fig. S2B). 
Antibodies to HAV were detectable at 28 dpi (fig. 
‘S3A). A fifth serial passage used fourth-passage 


Intrahepatic HAV RNA © 
(Geis total RNA) 
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liver extract as inoculum. Unlike nonenveloped 
virions present in feces (density ~1.23 g/em") (8), 
~65% of liver-derived virus was membrane 
associated (~L11 g/em’) (fig. $4). This inoculum 
rapidly induced ALT elevation with impressive 
fecal shedding and intrahepatie HAV RNA abun- 
dance (Fig. 1, C and D). 

Like DKO mice, [fart animals shed virus 
and developed ALT elevation when challenged 
with liver-derived virus, whereas type II IFN re- 
ceptor [fngrI’~ knockouts and wild-type mice 
showed no evidence of infection (Fig. 1, D and E). 
‘The rapid induction of disease in this experi- 
‘ment, compared with slower onset in early DKO 
passages (Fig, 1A), resulted from a higher inocu- 
lum titer rather than viral adaptation to mice. 
Only a single nonsynonymous nucleotide sub- 
stitution occurred in the viral sequence over four 
‘mouse passages (table S1). Infection persisted in 
Tarr and DKO mice for more than 3 months 
(Fig. 1D), Dectining serum ALT and fecal virus 
shedding over this period of time suggested slow 
immune control in both types of mice, but histo- 
pathologic lesions persisted throughout (fig, S2C). 
AAs in chimpanzees (4), HAV RNA copy numbers 
remained high in liver after fecal virus shedding 
had terminated (Fig. 1, E and F). 

‘These data suggest that the capacity of HAV 
to evade type I IFN responses defines its host 
range. However, DKO mice were resistant to 
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Fig. 1. HAV infection in DKO (Ifnarl~““HingrI~’~), IfnarI-’~, and tfngrI-~ mice. (A) Representative course 
2 OKO > hatte tt 


of infection in a DKO mouse inoculated intravenously with 10” genome equivalents (GE) of human HAV 
(chimpanzee fecal extract). (B) Hematoxylin and eosin-stained liver from representative infected (top) and 
control (bottom) DKO mice at 41 dpi showing inflammatory inftrates: scale bar, 50 um. inset shows apoptotic hepatocytes; scale bar, 125 ym, (C) Summary of serial 
passage of HAV in DKO mice showing intrahepatic HAV RNA (left) and fecal HAV RNA (right), source and magnitucle of HAV inocula (ptF, chimpanzee feces; mF, DKO 
‘mouse feces: mL, DKO mouse liver), and day of harvest. Data are means + SEM or range! n = 2 or 3 animals (shown by open circies in each bar). + < 0.05, ***P < 
0.001 for pl versus p5 [one-way analysis of variance (ANOVA)]. (D) Fecal HAV RNA (top) and serum ALT (bottom) in DKO, lfnart”~. ingrl-”-, and wild-type (WT) 
BL6 mice challenged with fourth-passage DKO liver extract (26 x 10® GE). Data are means # SEM: n = 4. *P < 0.05, ***P < 0001 for nar” versus DKO (ANOVA). 
(&) Intrahepatic HAV RNA in WT, DKO, linarI~’, and tingr-”~ mice at 127 dpi (mean + range, n = 2). (F) Intrahepatic HAV RNA in iinarl"’ mice infected with fourth- 
passage liver extract. Symbols represent individual mice. Dotted horizontal lines in panels indicate level of detection (RNA) or upper limit of normal (ALT). 
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challenge with either fecal or liver-derived virus 
administered by oral gavage, possibly reflecting 
a greater role for type IIT IFN in the gut (17, 18) 
or absence of an essential receptor. Rag” and 
NSG mice lacking adaptive immunity were resist- 
ant to intravenous virus challenge (Fig. 24 and 
fig. S5A), further highlighting the importance of 
innate immunity in control of HAV, Because HAV- 
encoded proteinases disrupt IFN responses by 
degrading human MAVS and TRIF (13, 14), we 
challenged Mavs” and Trif“ mice to ascer- 
tain whether signaling through these adaptor 
molecules restricts replication, Maxis’ mice were 
highly permissive for HAV, shedding 10 times as 
much virus as DKO or fnarT mice (Fig. 2A), 
‘whereas Trif-~ mice were nonpermissive (Fig. 2A 
and fig. $5, B and ©) Thus, MAVS-mediated type T 
TEN responses block HAV replication in wild-type 
mice, Consistent with this finding, HAV 3ABC, a 
proteinase that degrades MAVS in human cells 
(13), did not cleave murine MAVS (fig. S1B). 
Intrahepatic HAV RNA copy numbers were 
higher in Mavs’ mice than in IfuarT’~ mice 
by a factor of 10 (Fig. 28), with the majority of 
Mavs“ hepatocytes containing HAV RNA (fig. 
$5, D and F, and table 2). Nonetheless, Mavs” 
mice developed neither ALT elevation (Fig. 20) 
nor hepatic inflammation (Fig. 2D), Immuno- 
histochemical staining for activated caspase 3 (Fig. 
2D) and terminal deoxynucleotidyl transferase 
mediated deoxyuridine triphosphate nick end 
labeling (TUNEL) assays (fig. S6A) revealed numer- 
ous apoptotic hepatocytes in infected [/nar!/~ 
liver, but none in Mavs tissue. Apoptotic cells, 
in far” and DKO mice were surrounded by 


1D pay? 
Bi Bay te 


Hee 


inflammatory infiltrates in proximity to cells con- 
(ing HAV RNA (Fig. 2D and fig, S6B). The ac- 
tivities of caspases 8 and 9 (and of caspase 3) were 
slightly inereased in infected DKO and I/narl~ 
liver (fig. S6C), but cleaved caspase was not de- 
tected in immunoblots; only ~1% of hepatocytes 
‘were apoptotic (fig. SD). These data show that 
apoptosis and inflammation result from a MAVS- 
dependent but IFN-independent mechanism. 
‘MAVS-mediated apoptosis has been recognized 
previously, but its role in vivo is uncertain (19, 20). 

‘Virus was largely restricted to the liver in 
Mavs mice: HAV genomes were less abundant 
in spleen by a factor of 400 and were less abun- 
dant in lung by three orders of magnitude (Fig. 
28), Viral RNA was more abundant in spleens 
of Ifnarl’~ mice, possibly reflecting sequestra- 
tion of virus released from damaged hepatocytes. 
Little virus was present in ileum or colon of either 
knockout, indicating that fecal shedding origi- 
nates in the liver, as in primates (21, 22). Thus, 
HAY is highly hepatotropic in mice. Viral shed 
ding persisted unabated for 56 days in Maus 
‘mice with only minimal ALT increases (Fig. 2F 
and fig. S6E). Rare, isolated apoptotic hepatocytes 
‘were observed in only two of five mice at 63 dpi 
‘The appearance of antibodies to HAV was delayed 
in Mavs’’~ mice (fig. S3B), but virus-neutralizing 
activities were comparable to [fnarI”~ mice at 
63 dpi. 

Inf’ and Irf7”* mice lack transcription fae- 
tors downstream of MAVS that drive type I IFN 
expression (23) These mice supported only limited 
HAY replication, whereas Irf3“Irf7~“- double 
knockouts shed virus and accumulated intra- 


hepatic HAV RNA levels equivalent to those of 
Mavs’ or Ifnart~ mice (Fig. 2, fig. S5A, and 
table $2), This is consistent with redundant roles 
for IRF3 and IRF7 in the control of flaviviruses 
(24, 25), Serum ALT elevations were minimal in 
infected Inf, Inf7~/-, and Inf’ Irf7/~ mice 
(Fig. 2C and fig. S7A). frf7 and Inf 1nf7— 
livers contained rare apoptotic hepatocytes (lig. 
‘S7B), possibly reflecting activation of IRF5 (25). 
However, a general lack of pathology in infected 
4nf3hrf7”~ animals mirrored the absence of 
disease in Mavs*~ mice. 

Hepatocyte apoptosis is known to drive in- 
flammation within the liver (26). ‘The livers of 
Inarl”~ mice at 7 dpi showed a factor of 55 in- 
crease in F4/80°CDIIb" macrophages and a fac- 
tor of 13 increase in NKLI” natural Killer (NK) cals, 
whereas CD4* and CD8* T cells were increased 
by factors of only 3 to 5 (Fig. 3A). Increases in 
(CD3"CD4 CDs" and 7/6 T cells did not achieve 
statistical significance, Immunohistochemistry 
confirmed a mixed cellular infiltrate (Fig. 3B). 
Luminex assays showed inereased hepatic CCL3 
(MIP-10), CCL5 (RANTES), and CXCL10 (1P-10) 
protein, but not IFN-y, tumor necrosis factor-c 
(INF), or interleukin (IL)-1p, IL-2, or 11-6 (Fig. 
30), Similarly, serum IFN-8 was markedly elevated 
(10 ng/ml) in infected DKO and ffnarl” mice 
(Fig. 3D), but enzyme-linked immunosorbent as- 
says (ELISAs) for IFN-y, TNF, IL-1, and 11-6 
were negative, Nonetheless, reverse transerip- 
tion polymerase chain reaction demonstrated 
HAY-induced intrahepatic transcripts for mul- 
tiple cytokines and chemokines in DKO and 
Ufnart” mice, but not in Mavs” mice Fig. 3E 
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Fig. 2. HAV infection in ffnar’’~ and Mavs~/~ mice. (A) Fecal HAV RNA on 
day 7 and day 14 after intravenous challenge of diferent genetically deficient mice, 
Data are means + SEM: n = 3 to 5, (B) Viral RNA in lvers of linarl™”- and Mavs“ 
mice at 15 and 63 dpi, Data ate means + SEM: n= 2 to 5 as shown, *P < 005, 
“+P < 0001 (two-sided t test). (C) Serum ALT at 7 and 14 dpi in genetically 
deficient mice, with expanded low ALT range at right. Data are means + SEM; 
5, “P< 0001, *P < 0,001 for combined day 7 and day 15 data (two-sided Mann 
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Whitney test): ns, not significant. (D) Immunohistochemical staining of cleaved 
caspase 3 in liver from representative (top) tiharl”~ versus (bottom) Mavs mice 
at 15 dpi; scale bar, 100 ym. Inset shows an apoptotic hepatocyte: scale 
bar, 12.5 wm. (E) Tissue distribution of HAV RNA in infected ifnari-”~ and 
Mavs'”~ mice. Data are means + SEM; n = 3 or 4. ***P < 0.001 (multiple t test 
with false discovery rate of 196). (F) Fecal virus shedding in infected ifnarI-’~ or 
Mavs-/~ mice over 56 days of infection, Data are means + SEM; n = 3 to 5 
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and fig. $8). CCL2 (MCP-1) and CCL5 mRNA 
responses were maximal at 7 dpi, whereas CCL3, 
IFN-y, and TNF-a mRNAs peaked at 15 dpi (Fig. 
3E) despite the absence of detectable protein in 
serum or liver, Diminishing chemokine and eyto- 
kine responses at 28 dpi (Fig. 3E) correlated tem- 
porally with a decline in fecal virus shedding by 
two orders of magnitude. NLRP3 inflammasome- 
related transcripts were not increased (fig. SSB). 
IEN-f transcription is coordinately regulated 
by IRF3/7and nuclear factor (NF)-xB (27). Phos- 
phorylation of IRF3 confirmed IRF3 activation in 
infected Jfnar” mice (Fig, 38), and IFN-stimulated 
genes (ISGs) such as ISGI5, IFITI, and CXCLI0 
that are directly regulated by IRF3 (28) were in- 
duced (Fig. 3, CG, and H). IRF3 similarly regulates 
CLS transcription (29), explaining prominent 
and early CCLS expression by HAV-infected hepa- 
tocytes in [fnarl” but not Mavs mice (Fig, 3, 
and E, and fig. S&C), The phospho-p65 component 
of NF-xB was not measurably increased (fig. SSD). 
Several possible mechanisms could account 
for apoptosis induced through a MAVS-IRF3/7 
pathway (fig. S8E). First, CCLS expression could 
recruit eytotoxie Iymphoeytes to the liver, re- 
sulting in death receptor-mediated apoptosis 
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(80, 31). However, depletion of CD4* or CD8* 
‘cells had no impact on acute (7 dpi) disease in 
Ifarr” mice (fig. $9). Moreover, virus-specific 
T cell responses were minimal in JnarT’~ and 
Mavs” mice (fig. S10). Depletion of NKL1" NK 
cells similarly failed to reduce liver injury (fig. ST). 
‘This argues against primary death receptor 
‘mediated apoptosis. Clodronate depletion of mac- 
rophages prior to infection also had no effect on 
viral replication or inflammation (fig. S12). 

Alternatively, apoptosis could be induced by 
ISGs that are directly regulated by IRF3 (28). 
‘The functions of these proteins are only partly 
‘understood, but IFIT2 (an ISG that is transerip- 
tionally regulated by IRF3) is known to trigger 
mitochondrial apoptosis in human cells (28, 32). 
IRF3 similarly regulates PMAIPI, a proapoptotic 
BH3-only protein (33), Both {it2 and Pmaipt 
transcripts were induced early, and this indue- 
tion was more extensive in Ifnar” mice than 
in Mavs’~ mice (ig, S13). IRF3 can also induce 
apoptosis through a transcription-independent 
‘mechanism involving a direct interaction with 
mitochondrial Bax (34). However, this would not 
explain the rare apoptotic hepatocytes observed 
in Irfe-deficient mice (fig. S7B). 
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Although many details remain to be resolved, 
‘our data show that JfuarT”~ mice provide a use- 
ful model that recapitulates many aspects of type 
A hepatitis in humans. Despite heroic efforts, 
such a model has proved elusive for HBV or HCV 
infection (2). Our results suggest that HAV host 
species range is dictated largely by its eapacity to 
‘evade MAVS-mediated type I IFN responses, and 
reveal an unexpected role for MAVS signaling in 
virus-mediated liver injury. Such signaling leads 
to IRF3/7-dependent, but IFN-«/B- and [FN-y- 
independent, hepatocellular apoptosis with a sec- 
ondary inflammatory response (fig. SSE). This 
may explain why HAV and HCV have evolved 
independently to target MAVS for degradation, 
Disrupting innate immune signaling upstream 
of IRF3/7 not only limits IFN-mediated antiviral 
responses, but also restricts inflammation within 
the liver, delays antiviral antibody responses, and 
slows viral clearance (Fig. 2, D and E, and figs. 
S3B and S6E), IRFS, activated through STING 
asa result of endoplasmic reticulum stress, has 
‘been implicated recently in acute ethanol-induced 
‘hepatitis (25), suggesting a common final pathway 
for toxin- and virus-induced liver injury. Our find- 
ings establish the critical importance of innate 


D ow 
= 
3 
oy 
iva 
Ey 
ou 
aa 
ISG15. IFIT1 cols. 1SG20 
: 
el pees 
g2°L. 
14 4 3 4? 
g & 
eee ee 
g 4 1 1 1 
i . 
cys deg Po toe 


4 E 4 A 


wr SF 


Fig. 3. Cellular and cytokine response to HAV infection in DKO and 
Inarl-~ mice. (A) Estimated intrahepatic leukocyte numbers in naive and 
infected Ifnarl-’~ mice at 7 dpi. Data are means + SD; n= 5 (mean ALT = 
372 1U/lter). **P < 0.01, ***P < 0,001 (two-way ANOVA with Tukey multiple 
comparison test). (B) Dual immunohistochemical staining of infected ffnarI-“~ 
liver for CD4 (magenta) and CD8 (brown) showing a mixed cellular infiltrate 
at 14 dpi. Scale bar, 10 jim. (C) Relative increase in liver cytokine levels in HAV- 
infected DKO mice (Luminex assay) with ALT >200 IU/iiter. Data are means + 
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range; n = 2. (D) Serum IFN: measured by ELISA at 7 dpi. Data are means + 
SD:n=4, (E) Relative increase in intrahepatic cytokine and chemokine mRNA 
abundance in tfrarI™” mice. Data are means + SEM; n = 4 or 5. (F and G) im 
‘munoblots of phospha-Ser=°* and total IRF3 (F) and ISGI5 (G) in livers from 
HAV-infected and naive DKO mice: B-actin was included as a loading control 
(H) Intrahepatic transcripts of IRF3-regulated ISGs, ISGIS, IFITI (ISG56). CCL5 
(RANTES), and ISG20 (not directly reguiated by IRF3) in HAV-infected DKO (n= 
4) and Mavs“ (= 3) mice and naive animals at 8 to 28 dpi. *P-< 0.08 (t test), 
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immune responses in control of viral infection in 
the liver, and provide a paradigm for HAV patho- 
genesis that is likely relevant to other hepato- 
tropic human viruses. 
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ENHANCER FUNCTION 


High-resolution interrogation 
of functional elements in the 


noncoding genome 


Neville E. Sanjana,"*{+ Jason Wright,"*} Kaijie Zheng,"* Ophir Shalem,"* 
Pierre Fontanillas,' Julia Joung,"® Christine Cheng," Aviv Regev,' Feng Zhang’? 


The noncoding genome affects gene regulation and disease, yet we lack tools for ra 


identification and manipulation of noncoding elements. We developed a CRISPR screen 
using ~18,000 single guide RNAs targeting >700 kilobases surrounding the genes NFI, NF2, 
and CUL3, which are involved in BRAF inhibitor resistance in melanoma. We find that 


ns that modulate drug resistance also harbor predictive hallmarks of 


noncoding function. With a subset of regions at the CUL3 locus, we demonstrate that 
engineered mutations alter transcription factor occupancy and long-range and local 
epigenetic environments, implicating these sites in gene regulation and chemotherapeutic 
resistance. Through our expansion of the potential of pooled CRISPR screens, we 

provide tools for genomic discovery and for elucidating biologically relevant mechanisms 


of gene regulation. 


ore than 98% of the human genome does 
not code for proteins; however, unlike for 
the coding genome, there exists no over- 
arching framework to translate the non- 
coding genomic sequence into functional 
elements (1, 2). Evidence from genome-wide as- 
sociation studies suggests that many noncoding 
regions are critical for human health (3, 4). The 
implications of these associations, however, have 
been difficult to assess, in part because we lack the 
tools to determine which variants alter functional 
elements, Molecular hallmarks, such as epigenetic 
state, chromatin accessibility, transcription factor 
binding, and evolutionary conservation, correlate 
‘with putative functional elements in the noncoding 
‘genome and can predict regulatory function (2, 5). 
However, these predictions largely bypass regions 
lacking hallmarks, and it is difficult to ascertain 
which hallmarks play a correlative or truly causal 
role in function or phenotype (6, 7). Efforts to de- 
termine causality have used preselected DNA 
fragments, with expression serving as a proxy for 
function (8), but these methods lack the local 
chromatin context and broader regulatory inter- 
actions. Thus, there is a need for systematic ap- 
roaches to sift through noncoding variants and 
determine whether and how they affect pheno- 
types in a native biological context, 

For this purpose, we designed a high-throughput 
‘method that uses pooled CRISPR (clustered regu- 
larly interspaced short palindromic repeat)-Cas9 
single guide RNA (sgRNA) libraries to sereen non- 
coding genomic loci in order to identify functional 
regions related to phenotype and gene regulation. 
Previous applications of CRISPR screens to the 
noncoding genome have focused on specific fune- 
tional elements (eg, microRNAs and transcrip 
tion factor binding sites) or required fluorescent 
reporters (9-12). In this work, we comprehensively 
assayed a total of 715 kilobases (kb) of sequence 
surrounding three different genes by performing 


‘unbiased mutagenesis to identify functional ele- 
ments relevant to cancer drug resistance. 
‘Vemurafenib inhibits BRAF proteins carrying 
the V600E mutation, which are found in 50 to 
70% of melanomas (13). Resistance to vemurafenib 
arises within months in almost all melanoma 
patients (74), and surviving tumor cells display 
increased malignaney that rapidly leads to lethal- 
ity (15). A genome-scale CRISPR screen found 
that loss-of-function mutations in NFT, NF2, and. 
CULS result in vemurafenib resistance (16). To 
explore whether mutations in the noncoding re- 
gions around these three genes could similarly 
affect drug resistance, we designed three sgRNA 
libraries tiling across 100-kb regions 5° and 3' of 
each gene's major isoforms (Fig. 1A). For each 
library, we synthesized the sgRNAs as a pool 
(6682 for NFI, 6934 for NF2, and 4699 for CUL3; 
18,315 sgRNAs in total) and cloned them into a 
lentiviral vector (ig. S1). We transduced A375 
human melanoma cells, which carry the BRAF 
mutation, with the sgRNA libraries at a low mul- 
tiplicity of infection and cultured them in 2 uM. 
‘vernurafentb or control (dimethyl sulfaxide, DMSO) 
for 14 days. Using deep sequencing, we counted 
the representation of sgRNAs in both condi- 
tions (Fig. 1, Bto D) and identified vemurafenib- 
‘enriched sgRNAs as those enriched by >4-standard 
deviations from the control distribution (fig. $2). 
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Fig. 1. CRISPR muta- A 
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Overall, most sgRNAs were depleted after treat- 
ment with vemurafenib, which is expected be- 
cause vemurafenib targets the oncogene addiction 
that drives A375 growth (Fig. 1E). However, in all 
three libraries, we found a small group of sgRNAS 
that were enriched after vemurafenib treatment 
(logs ratio of vemurafenib to control > 0), with the 
CUL3 library having the largest pereentage of 
enriched sgRNAs. We also included a small num- 
ber of sgRNAS targeting the coding region of each 
gene, and most of these (70 to 80%) were en- 
riched, as expected (fig. S3A). However, among 
the sgRNAs targeting noncoding regions, about 
fourfold more were enriched in the CUS library 
than in the NEY or NF2 libraries (7.2% in CULS, 
17% in NFI, and 21% in NF2), suggesting the 
presence of more gene regulatory elements in the 
noncoding regions flanking the gene (fig. S3A). To 
determine whether this increase in putative gene 
regulatory elements in the 200-kb region sur- 
rounding CUL3 is also reflected in human gene 
expression and genotyping data, we queried the 
Genotype-Tissue Expression (GTEX) database (7051 
tissue samples from 449 donors). We found that 


1546 30 SEPTEMBER 2016 - VOL 353 ISSUE 6307 


CULS had the largest number of cis-expression 
‘quantitative trait loci (@QITL) (n = 161 eQTLs, mean 
effect size = -0.21), and the region targeted by the 
sgRNA library overlapped with a large number of 
these eQILs (fig. S3B) (7). We thus chose to focus 
our downstream analysis and validation efforts 
on CUL3. 

We visualized the enriched sgRNAs in a ge- 
nome browser-style view (Fig. IF and fig. $4, A 
and B), We found that a higher percentage of 
sgRNAs targeting gene-proximal elements were 
enriched compared with other noncoding regions 
(Fig. 1G), and we found greater enrichment for 
sgRNAs targeting noncoding elements on the 5° 
side of the gene than for thase on the 9' side (fig. S4C). 

‘To test whether regions targeted by enriched 
sgRNAs from the screen physically interact with 
the CUL3 promoter through chromatin looping 
(18), we created three independent chromosome 
conformation capture (3C) libraries (Fig. 2A) (19). 
‘We quantified the interaction frequeney for each 
site across the ~200-kb region (supplementary 
‘methods) and found that regions on the 5' side 
of CULS tend to interact more strongly with 


the promoter. Regions with higher 3C interaction 
contained, on average, more vemurafenib-enriched 
seRNAs (Fig. 2B). 

Because chromatin accessibility can identify 
regulatory regions (20, 21), we performed ATAC- 
seq (assay for transposase-accessible chromatin 
with sequencing) in A375 melanoma, MCF7 breast 
adenocarcinoma, and U87 glioblastoma cells (Fig. 
20), Overall, we found higher sgRNA enrichment 
near A375-specific ATAC peaks than near those 
from other cell types, and this finding was replicated 
with deaxyribonuclease (DNase) 1 hypersensitivity 
data (Fig. 2, D and E, and fig. $5). Enrichment in 
these regions suggests the presence of cell type- 
specific enhaneers (22, 23). Even though the ac- 
cessible peaks overlapped with enriched sgRNA 
sites, the chromatin accessibility data by them- 
selves only predict a small fraction of the total 
number of enriched sgRNA sites (table SI). 

Given that evolutionary conservation varies 
widely across the noncoding genome, we sought 
to test whether regions exhibiting higher levels of 
conservation harbor more enriched sgRNAs. We 
‘examined phastCons conservation scores over the 
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Fig. 3. Noncoding mutations affect CUL3 expression and histone modifi- 
cations. (A) Criteria for selecting 25 sgRNAs targeting noncoding regions for 
validation, (B) CUL3 RNA expression (normalized to nontargeting sgRNAS) 
after transduction with lentivirus expressing nontargeting (triangles). non 
coding region-targeting (colored circles). and coding region-targeting (squares) 
sgRNAs. (C) Relationship between CUL3 expression and cell survival after 


vemurafenib treatment. The linear fit is to noncoding SgRNAS only (Taoncoang = 
=0.54, P= 0.005) and does not include coding region-targeting or nontargeting 
s@RNAs. (D) Percent change in (left) average H3K4me3 ChIP for all validation 
‘s@RNAs within 1 kb of the transcription start site of CUL3 and (right) average 
H3K27ac and average H3K4me2 ChiP for all validation sgRNAs >1 kb from the 
transcriptions start site of CUL3. ***P < 0001; *P < 005 


CUL3 locus among primates, placental mammals, | of ~0.95 in primates, mammals, and vertebrates). | one other enriched sgRNA within 500 bases (Fig. 
and vertebrates (Fig. 2F) (24). Overall, enriched | This observation supports recent findings that | 3A). We validated that the sgRNAs created mu- 
sgRNAs were ~18-fold more likely to be found | enhancers evolve rapidly in a lineage- or species- | tations at the intended target sites (fig. $6) and 
near peaks of primate conservation and ~L7-fold | specifie manner and that conserved enhancers | found that 24 of the 25 sgRNAs resulted in de- 
less likely to be found near conservation peaks | between mammals tend to be rare (25). creased CULS expression relative to nontargeting 
among mammals and vertebrates (Fig. 2Gand fig. | To confirm that mutations in these specific | sgRNAs (Fig. 3B). As expected, there was a nega- 
$5). In contrast, the genomic sites of sgRNAs tar- | noncoding regions were mediated by CUL3 and | tive correlation between CUL3 gene expression and 


geting coding regions of CUL3 did notdemonstrate | lead to altered drug resistance, we transduced | vemurafenib resistance (correlation coefficient 


differential conservation (phastCons probability | cells with individual sgRNAs that have at least | ~0.54, P= 0,005) (Fig. 30), and increased vemurafenib 
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Fig. 4. Cas9 mutagenesis disrupts predicted transcription factors and DNA binding proteins at target sites of vemurafenib-enriched sgRNAS. (A to 
D) sgRNA target locations in relation to predicted binding sites. Table S4 gives seRNA sequences and target locations. (E to H) Change in transcription factor ar 
DNA binding protein occupancy around cleavage sites and change in CUL3 expression. Both measurements are normalized to cells transduced with non- 
targeting seRNAs. ***P < QOOI; **P < O01; *P < 005, 


resistance could be reversed by restoring CUL3 
expression (fig. S7). 

Next, we surveyed changes in posttransiatio 
nal histone modifications at each target site (fig. 
S8A), For target sites near the promoter, we found 
56% average decrease in H3K4med after editing 
(P= 7.10, n = 9 sites) (Fig, 3D), which is con- 
sistent with the reduced gene expression. At distal 
sites, we found a 41% average decrease in HSK27ac 
(P = 002, n =7 sites) after editing and no signif- 
icant change in H3K4me2 (P = 0.82, n = 7 sites) 
(Fig. 3D), although a subset of H3K4me? levels 
decreased after editing (fig. S8B), We also found 
that mutagenesis of a ~22-kb distal histone 
acetyltransferase (p300) binding site that has 
a strong 3C promoter interaction resulted in a 
75% decline of promoter H3K27ae and a 50% 
decrease in CUL3 expression (fig. $9 and supple- 
mentary text). 

By examining regions targeted by enriched 
‘sgRNAs, we found individual loci containing the 
canonical transcription factor binding motifs for 
yin yang 1 (YY), zine finger protein 263 (ZNF263), 
CCCTC-binding factor (CTCF), and activation pro- 
tein 1 (AP-1) complex, which were disrupted after 
editing (Fig. 4, Ato D, and fig. $10). We found that 
mutations within these binding sites abrogated 
transcription factor recruitment, leading to loss 
of CULS expression (Fig. 4, E to H). For example, 
specific sgRNAs that target loci near a YYI chro- 
matin immunoprecipitation (ChIP) peak (Fig, 48) 
disrupted the Y¥1 motif fg. Si), and vemuurafenib 
treatment selected for mutations that were more 
deleterious to the binding site (fig. $12). Although 
both of the seRNAs targeting loci near the site de- 
creased YYI binding, the sgRNA whose cut site 
overlaps the motif disrupted YY1 binding more 
efficiently (67 versus 26%) (Fig. 4E). In addition, 
mutagenesis by either sgRNA significantly decreased 
CULS expression, Similarly, two sgRNAS in the first 
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intron of CUL3, spaced 30 bases apart, overlap a 
‘ZNF263 ChIP sequencing peak (Fig. 4B). Both 
resulted in a significant decrease in ZNF263 occu- 
ancy and in CULS expression (Fig. 4F). 

Although we observed a bias in the presence of 
regulatory elements 5 of the transcription start 
site, we did find several enriched sgRNAs down- 
stream of CUS (Fig. 4, Cand D, and supplemen- 
tary text). One sgRNA cuts inside the core motif 
of CTCF (Fig. 40). After editing, CTCF oceupaney 
was decreased by 45%, with a concurrent 30% 
decrease in CUL3 expression (Fig. 4G). For AP-I, a 
heterodimer of FOS and JUN, editing at either of 
‘wo nearby sites decreased FOS and JUN binding 
compared with binding in control cells and 
decreased CUL3 expression by ~25% (Fig, 4H). 
Overall, as in the pooled sereen, mutagenesis at 
transcription factor binding sites located on the 
3 side exhibited weaker effects on gene expres- 
sion than those located on the 5’ side. 

‘Thus, we show how a Cas9-mediated system- 
atic dissection of noncoding loci can identify 
functional elements involved in gene regulation 
and cancer drug resistance. In combination with 
other genome-wide assays, we demonstrate high- 
‘throughput identification of regions where changes 
in chromatin context and transcription factor bind- 
ing are causally linked to loss of gene expression 
and a disease-relevant phenotype. This approach 
is generalizable, and we anticipate that the ex- 
tension of pooled CRISPR screens into the non- 
coding genome will provide further insights and 
methods for unbiased interrogation ofthe genome. 
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Cyclin A2 is an RNA binding protein 
that controls Mrell mRNA translation 


Arun Kanakkanthara,' Karthik B. Jeganathan,' Jazeel F. Limzerwala,” Darren J. Baker,’ 
‘Masakam Hamada,' Hyun-Ja Nam,' Willemijn H. van Deursen,' Naomi Hamada," 

Ryan M. Naylor,” Nicole A. Becker,” Brian A. Davies,” Janine H. van Ree,' Georges Mer,” 
Virginia S. Shapiro," L. James Maher III,” David J. Katzmann,” Jan M. van Deursen*?* 


Cyclin A2 activates the cyclin-dependent kinases Cdkl and Cdk2 and is expressed at elevated 
levels from S phase until early mitosis. We found that mutant mice that cannot elevate cyclin 
A2 are chromosomally unstable and tumor-prone. Underlying the chromosomal instability 

is a failure to up-regulate the meiotic recombination 11 (Mrell) nuclease in S phase, which leads 
to impaired resolution of stalled replication forks, insufficient repair of double-stranded DNA 
breaks, and improper segregation of sister chromosomes. Unexpectedly, cyclin A2 controlled 
Mrell abundance through a C-terminal RNA binding domain that selectively and directly binds 
Mrell transcripts to mediate polysome loading and translation. These data reveal cyclin A2 as a 
mechanistically diverse regulator of DNA replication combining multifaceted kinase-dependent 
functions with a kinase-independent, RNA binding-dependent role that ensures adequate repair 


of common replication errors. 


yelin A2 is a core cell cycle regulator that 

activates Cdki and Cdk2. Cyclin A2 levels 

inerease upon S phase entry and remain 

high until its proteasome-dependent de- 

struction in prometaphase (1). Cyclin A2- 
Cdk complexes that assemble at the onset of 
S phase drive chromosome duplication through 
phosphorylation of key DNA replication factors, 
Subsequently, eyelin A2-Cak activity initiates 
mitosis by phosphorylating and inactivating the 
protein kinase Weel, resulting in activation and 
nuclear localization of eyclin BI-Cdk1. During 
early mitosis, eyelin A2 is implicated in mitotic 
spindle anchoring (2) and correction of aberrant 
Kinetochore-microtubule attachments (3). Further- 
more, in a Cdk-independent manner, eyelin A2 
regulates RhoA and RhoC, two guanosine tri- 
phosphatases implicated in cell morphogenesis, 
adhesion, and migration (4). 

In mice, eyelin A2 is essential for early embryo- 
genesis, limiting investigations of its biological 
functions (5). Studies of conditional knockout 
mice revealed that cyclin A2 is essential for cell 
eyele progression of certain cell types, including 
pluripotent and hematopoietic stem cells and 
select neuronal progenitors, yet is dispensable 
in fibroblasts because of redundancy with eyelin 


‘Department of Pediatic and Adolescent Medicine, Mayo 
Cnc, Rochester, MN. USA. “Department of Biochemistry 
and Nolecular Biology. Mayo Cnc, Rochester. MN, USA 
Department of Immunology, Mayo Cini. Rochester, MN. USA 
* Corresponding author. mal: vandeursen an@mayo.edu 


SCIENCE. sciencemag.org 


E in this cell type (6). To uncover novel biologi- 
eal processes that critically depend on a full com- 
plement of cyclin A2, we used a combination of 
knockout (Cena2”) and hypomorphie (Cena2") 
alleles to markedly down-regulate cyelin A2 expres- 
sion in mice without overtly affecting embryogen- 
sis or postnatal development. Cona2"* was created 
by targeted insertion of a neomycin resistance 
cassette into Cena intron 2; Cenad was ereated by 
gene trap mutagenesis (fig. SI, A to D). Cena 
mice showed markedly reduced levels of cyclin 
A2 protein in tissues with a high mitotic index, in- 
‘cluding small intestine, bone marrow, and spleen 
Fig, 1A). In contrast, cyclin A2 levels appeared 
normal in tissues with few cycling cells, such as 
brain, liver, and lung. However, actively eyeling 
cultured lung epithelial cells from Cena?” mice 
had lower amounts of cyclin A2 relative to the 
wild type (Fig. 1A). Analysis of mouse embryoni 
fibroblasts (MEFs) confirmed this, with Cenaz/"* 
MEFs expressing only ~25% of normal cyclin A2 
levels (Fig. 1A and fig. SIE). In Cena2"”* MEFS, 
cyclin A2 expression typically started to increase 
during G, and peaked from G, until prophase (tig. 
82), Cyclin A2 levels remained low in Cena2™* 
‘MEFs throughout the cell eycle, resulting in 
markedly reduced Cdk activity during S and G, 
phase (fig. $3). Despite these abnormalities, 
Cena2"" MEFS showed a normal cell eyele pro- 
file (Hig. S) 

Both cyclin A2 deficiency and overabundance 
‘have been observed in human tumors and predict 
poor clinical outcome (7), but whether and how 


cyclin A2 deregulation drives malignant growth 
is unknown, To determine whether reduced eyclin 
A expression contributes to tumorigenesis, we 
treated Cena"! and Cena” mice with 7,12- 
dimethylbenz(a)anthracene (DMBA), a carcino- 
‘gen that predisposes mice to lung adenomas and 
skin papillomas (8). Cena” mice showed a 
marked inerease in tumor incidence and multi- 
plicity in both lung and skin (Fig. 1B). Further~ 
more, lung adenomas of Cena" mice were 
larger in size. Cena“ mice were also more 
susceptible to spontaneous tumors, particularly 
jung adenomas (Fig. 1C). Collectively, these data 
establish that cyclin A® insufficiency promotes 
neoplastic transformation, 

‘To identify the underlying defects, we screened 
for chromosomal instability, a hallmark of hu- 
man malignancies. Splenocytes and MEFs of 
Cenaz/* mice had increased aneuploidy (fig. 
‘S5A). Cena MEFs showed predisposition to 
two types of chromosome segregation errors: chro- 
matin bridges and lagging chromosomes (Fig. 2A). 
‘The latter are the result of merotelic attachment, 
amicrotubule-kinetochore malattachment caused 
by spindle defects, including defects in attachment 
error correction, microtubule dynamics, mitotic 
timing, centrosome disjunction, and centrosome 
movement (9) We systematically screened Cena” 
‘MEFS for lagging chromosomes, and by measur- 
ing the separation between centrosomes in G2 
and prophase, we found that the movement of 
sister centrosomes to opposite poles was impaired 
(Fig. 28 and fig. $5, B to F), Cells with delayed 
‘centrosome separation form asymmetrical spindles 
and lagging chromosomes at inereased rates (10). 
Consistent with this, spindle geometry defects oc- 
‘curred at high frequency in Cena” MEFs (Fig. 
20). Furthermore, lagging chromosomes were 
more prevalent in Cena" MEFs with asym- 
metrical as opposed to symmetrical spindles (fig. 
85, Gand H). 

‘The motor protein Eg5 accumulates at centro- 
somes in prophase to drive centrosome movement 
(1). Loading of Eg5 was markedly reduced in 
Cena!" MEKs, as was centrosomal accumula 
tion of eyelin A2 (Fig, 2D and fig. S51) Centrosome 
targeting of Eg5 is dependent on Cak-mediated 
phosphorylation of Thr”* (1926) (11). T926 phos- 
phorylation was reduced in Cona2’" MEFs de- 
spite normal expression of Eg5 and alternative 
‘Cdki and Cak2 partners, including eyelins B and 
E (Fig. 2E and fig. $54), Restoration of cyclin A2 
expression in Cena2’!"" MEFs normalized T926 
phosphorylation and corrected eentrasomal load- 
ing of Eg5, centrosome movement, and spindle 
geometry (fig. $5, K to N). Collectively, these 
results uncover a nonredundant catalytic role 
of eyelin A2-Cak in targeting Fgs to centrosomal 
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Fig. 1 Cyclin A2 insufficiency drives tumorigenesis. (A) lmmunoblot analysis of cyclin A2 in tissues 
and cultured primary cells of Cona2*’* (+/+) and Cena2~’ (—/H) mice. Actin was used as a loading 
control. (B) Incidence, multiplicity, and size of DMBA-induced tumors in §-month-old mice, (6) Overall 
and tissue-specific incidences of spontaneous tumors in 16-rmonth-old mice. HCA, hepatocellular adenomas. 
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microtubules for proper centrosome movement 
and spindle formation. 

Chromatin bridges, the other chromosome 
segregation defect observed in Cena2”" MEFs, 
can be caused by defects in DNA replication, 
DNA decatenation, or cohesin cleavage (12, 13). 
Cena?" MEFs properly targeted topoisomerase 
a to inner centromeric regions early in mitosis, 
and had normal separase activity (fig. $6, A and 
B), which suggests that bridge formation was 
unlikely to result from decatenation or cohesin 
cleavage defects. In DNA fiber assays, replication 
forks of Cena?’ cells progressed at reduced rates 
and stalled more frequently than did Cena2"’* 
calls (Fig. 3A and fig. $6, C to G). Phosphorylation 
of checkpoint kinase 1 (Chk1) at Ser™® ($345), a 
marker of replication stress (14), was elevated 
in Cena MEFs (Fig. 3B), Furthermore, the effi- 
ciency with which hydroxyurea-stalled replication 
forks of Cena ME¥s restarted was markedly 
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reduced (fig. S6H). Unreplicated single-stranded 
DNA (ssDNA) at stalled replication forks is vul- 
nerable to breakage (14), Visualization of DNA 
damage repair foci by staining for the presence 
of the DNA repair proteins yH2AX and 53BP1 
demonstrated that Cena cells accumulate more 
double-stranded DNA breaks (DSBs; fig. $7, Ato 
F), Furthermore, radiation-induced DSBs were 
repaired with reduced efficieney in Cena" 
‘MEFs (fig. S7, Gand H). Rad5i, a key compo- 
nent of DSB repair (15), failed to accumulate at 
radiation-induced DSBs in a large proportion of 
Cena2" MERs (fg. $7, 1 to L), Rad] accumu- 
lation at DSBs is dependent on end resection, a 
key step in the repair process that is measured by 
staining for RPA2, a repair protein that stabilizes 
ssDNA intermediates (15). Analysis of RPA2 and 
YHBAX at 8 hours after y-irradiation revealed 
that RPA2 localization at DSBs was markedly 
reduced in Cena2’/" MEFs (fig. 87, M and N). 


‘The MRN complex, composed of Mrel, Rad50, 

and Nbs1, plays a central role in both replication 
fork restart and DSB repair (15). Western blot 
analysis revealed that levels of Mretl and Rad50 
protein, but not Nbst protein, were consistently 
reduced in both irradiated and nonirradiated 
Cena2""* MEFs (Fig. 3C). Levels of Mrett and 
Rad50 were also low in Cena" tumors, al- 
though Cak2 activity appeared normal (fig. $8). 
Analysis of cell eyele-dependent expression showed 
that both Mreli and Rads0 levels peaked in 
Cona’’* MEFs during § and G: phase, simi 
to cyclin A2 expression (figs. $9 and $10). 
pression of Mrell and Rad50 in $ and G» phases 
‘was substantially lower in Cena’ MEFs, Ee- 
topic expression of eyclin A2 restored both Mreil 
and Rads0 protein levels (Fig. 3D). Mrel! and 
Rad50 mRNA levels and ratios of nuclear to 
cytoplasmic distribution in Cena” MEFs were 
similar to those of Cena2"!* MEFs (fig. SUI, A to 
©, indicating that reduced expression of Mrel1 
and Rad50 was not due to altered transcription 
or defective nuclear export. Furthermore, pro- 
teasome degradation was not responsible, as 
treatment of Cena? MEFs with the proteasome 
inhibitor MG132 did not alter MrelI and Rad50 
levels (ig. SID). 

However, Mrel1 and Rads0 mRNA abundance 
in polysomes was reduced in Cena" MEFs, 
suggesting reduced translation (Fig. 3 and fig. 
S12, A to C), To determine whether this was a 
direct effect, we immunoprecipitated evelin A2 
and analyzed it for the presence of Mreil, Rad50 
transcripts, and several control transeripts by 
‘quantitative reverse transcription polymerase 
chain reaction (RT-qPCR). Intriguingly, evelin 
A2 selectively precipitated Mre!1 transcripts in 
Cenag"!” MEFs (Fig. 3F). Similar results were 
obtained using human primary fibroblasts and 
Hela cells (fig. $12D). Cyclin A2 knockdown in 
these cells resulted in reduced MREII and RAD5O 
protein levels, consistent with results in Cena2/"™ 
‘MEFS (fig. SI2E). Cyclin AI had no Mretl RNA 
binding ability (fig. S12, F and G). Two obser- 
vations suggested that cyclin A2 regulation of 
‘Mrell and Rads0 was Cak-independent: Neither 
‘Cdk2 nor Caki immunoprecipitation enriched 
Mrell transcripts comparably to cyclin A2 im- 
munoprecipitation (fig. SI2H), and inhibition of 
Cdk2 activity in wild-type MEFs by roscovitine 
had no impact on Mrelt levels (fig. $121), Mrett 
knockdown resulted in low Rad50 protein levels, 
but Rads0 depletion did not affect Mretl, indi- 
cating that Rads0 abundance is Mretl-dependent 
(fig. $13, A and B). Ectopic expression of Mretl 
in Cena" MEFs normalized both Mrell and 
Rads0 protein levels but had no impact on cyclin 
‘A2 levels (Fig. 3G), Coincidentally, polysome asso- 
ciation of Rad50 mRNA was restored (fig. SI3C), 
reinforcing the idea that Rad50 translation is 
‘Mretl-dependent, although Mell immunopre- 
cipitates did not contain Rad50 transcripts (ig. 
13D). Ectopic expression of Mrelt in Cena?" 
cells rescued DSBs and chromatin bridges, indi- 
cating that MreI1 deficiency is the driver of these 
chromosomal phenotypes (ig. S13, E and F). 
Expression of CUP, a binding partner of the MRN 
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Fig. 2. Cyclin A2-Cdkl regulates spindle pole 
- movement by targeting Eg5 to centrosomes. 
(A) Live-ceall imaging analysis of chromosome mis: 
ssegregations in MEFs expressing histone H2B tagged 
with a monomeric form of red fluorescent pratein 
(H2B-mRFP). Inset shows examples of Cenaz~”" 
MEFS with chromasome lagging or bridging. (B) Left: 
images of MEFS in prophase stained for y-tubulin and 
DNA. Right: Incidence of prophases with delayed 
centrosome movement. (C) Left: Maximum-intensity 
projection images of immunostained metaphases. 
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Fig. 3. Cyclin A2 interacts with MrelI mRNA to regulate its translation. 
(A) Percentages and examples of ongoing and stalled replication forks in MEFS. 
inset shows examples of fibers. (B) Immunoblot analysis for Chkl phospho: 
‘ylation at $345, (G) Immunablots of control and y-irradiated (IR) MEF lysates 
probed forthe indicated proteins. (D) Immunoblot analysis of asynchronously 
cultured MEFS transduced with control (TSIN) or Ccna2-containing (cycA2-TSIN) 
lentiviruses. (E) Quantification of Mreld mRNA in polysome fractions of MEFs 
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(F) Cyclin A2 RNA immunoprecipitation (IP) in MEFs followed by RT-qPCR 
analysis for the indicated genes. IgG, immunoglobulin G; WB, Western blot 
(G) As (D) but using control (TSIN) and Mrell-containing lentivirus. (H) Lu- 
ciferase activity in cells transfected with UTR of Mrell mRNA. UT, un: 
transfected; EV, empty vector. Actin was used as loading control in (B), (C), (D). 
and (G). Datain A), (E),(F), and (H) are means # SEM (N=3 independent MEF 
lines per genotype). *P < 0.05, **P < 0.01 (unpaired t test). 
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Fig. 4. The cyclin A2 C terminus directly binds to a conserved sequence in the Mrell 3'UTR. 
(A) RNA immunoprecipitation in wild-type MEFs expressing the indicated HA-tagged cyclin A2 deletion 
‘mutants. RNAS coprecipitating with HA-cyclin A2 mutants were analyzed by RT-qPCR. (B) Quantification 
of cyclin A2**3*_expressing cells with two or more yH2AX- and 538Pl-colocalized foci. (C) Luciterase 
activity in MEFs transfected with different regions of the MrelI 3UTR. (D) Representative native gel shifts 
showing a specific interaction between recombinant cyclin A2™** and the Mrell 3UTR conserved 
sequence, (E) Same as (D) but in the presence of recombinant human elF442. (F) Wester bict analysis of 


elF4A2-coprecipitating proteins in wild-type MEFS. Data in (A) to (C) are means + SEM (N 


independent 


MEF lines per genotype). *P < 005, "+P < O01, **P < 0.001 (unpaired t test. 


complex implicated in end resection, was sub- 
normal in Cena" MEFs through a Cdk2- 
dependent, Mretl-independent mechanism and 
therefore is unlikely to contribute to the chro- 
‘mosomal phenotype of Cena2’* cells (fig. S14). 

RNA sequencing analysis of eyclin A2, E2, and 
Blimmunoprecipitates demonstrated that eyelin 
‘A2 exclusively binds Mrei1 transcripts and that 
cyclins E2 and BI have no RNA binding ability 
(tables S1 to $3). Mrell RNA sequence reads 
exclusively mapped to the 3' untranslated region 
(3'UTR), indicating that this region contains the 
cyelin A2 binding site (fg. S15A). When intro- 
duced downstream of a luciferase reporter, the 
Mrel1 3'UTR enhanced luciferase activity in 
Cena2*!* MEFs but notin Cena" MEFs (Fig: 3H). 
Ectopic expression of evelin A2 in Cena” MEFS 
corrected this deficiency (fig. SI5B). 

Expression of hemagglutinin (HA)-tagged 
cyclin A2 deletion mutants in MEFs revealed 
that residues 302 to 432 are necessary and suf- 
ficient for Mre11 transcript binding (Fig. 4). 
‘This fragment, which lacks Cak-binding ability, 
restored Mrell and Rad50 expression and pre- 
vented DSB formation in Cena!" MEFs (Fig. 
4B and fig. S1GA) but did not correct Cak- 
dependent phenotypes such as Eg5 loading, 
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centrosome movement, spindle geometry, and 
chromosome lagging (fig. $16, B to F). Conversely, 
expression of amino acids 1 to 301, a fragment 
that binds to Cak, corrected the latter defects but 
failed to restore Mrell and Rads0 expression and 
DSB repair (fig. S16, G to K). Using deletion muta- 
genesis, we identified two subregions within the 
‘Mrel1 8'UTR, a 150-nucleotide (nt) segment at the 
5 end and a 34-nt segment at the 3' end, as poten- 
tial eyetin A2 binding sites (Fig. 4C). Recombinant 
glutathione S-transferase (GST)-eyelin AD*™"* 
directly bound a radiolabeled RNA probe spanning 
the last 32 nt of the Mrezi 3’UTR in an electro- 
phoretic mobility shift assay, but not a scrambled 
‘82nt oligomer (32-mer) (Fig. 4D and fig. S17, A 
and B). Neither GST-evelin A2'2"" nor GST-evelin 
Ag*48248 Which carries mutations in four puta- 
tive ribonucleic acid contact sites required for resto- 
ration of Mretl and Rad50 expression in Cinaz""™ 
“MEFs by ectopic expression of cylin A2 (fig. S17, Bto 
1), was able to bind the Mre1 RNA probe (Fig. 4D). 

‘Translation initiation factor eIF4A2, a previ- 
ously documented putative cyclin A2 interactor 
(16), supershifted GST-eyclin A2"***bound 
‘MrelI RNA complexes but did not bind the probe 
in the absence of eyelin A2 (Fig. 45). elI4A9, but 
not Cdk1 or Cdk2, coimmunoprecipitated eyelin 


A2 under physiological conditions, indicating 
that cyclin A2 bound to Mre1 mRNA is free of 
Cak binding partners (Fig. 4F). Cyclin A2 inter- 
acted with eIF4A2 and MrelI RNA through a 
‘common domain (fig. SI7F), Finally, using the 
CRISPR/Cas9 technique, we generated mice 
homozygously lacking the last 47 nt of the 
‘Mrelt 3'UTR (designated Mreit““* MEFs), 
which were viable and overtly normal (fig, 
S18). Mrett“ MEFS had normal amounts of 
Mrell mRNA, but the transcripts showed mark- 
edly reduced polysome association, resulting in low 
‘Mrell protein levels (fig. S19, A to D), Mreir#/** 
‘MEFs entirely phenocopied Cena?" MEFs, ex- 
cept for phenotypes related to phosphorylation 
of Eg5 mediated by eyclin A2-Cdk (fig. S19, E to 
K, and fig. $20). 

(Our work exposed two novel eyelin A2 fune- 
tions, First, we identified a role for the cyclin A2 
\N terminus in the formation of bipolar mitotic 
spindles by regulating Eg loading onto centro- 
somes through phosphorylation of 1926. Second, 
the C terminus of eyelin A2, which has low se~ 
quence conservation among eyelin family mem- 
bers, directly binds to a conserved region in the 
SUTRof Mrel! transcripts to promote their trans- 
lation, presumably through an interaction with 
elF4A2, In doing so, eyelin A2 coordinates its 
well-established Cdk-dependent functions in the 
initiation and progression of DNA synthesis (16) 
while simultaneously reinforeing stabilization of 
the key machinery responsible for repairing DNA 
lesions caused by replication errors, Cyclins have 
hitherto not been implicated in RNA binding, The 
observation that cyclin A2 seemingly interacts 
with just a single transcript, Mre/] mRNA, was 
unexpected and appears to be a unique feature 
among RNA binding proteins. 
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Drosophila insulin release 
is triggered by adipose Stunted 
ligand to brain Methuselah receptor 


Renald Delanoue,'} Eleonora Meschi,'| Neha Agrawal,'*} Alessandra Mauri,” 
‘Yonit Tsatskis,* Helen McNeill,” Pierre Leopold’ 


Animals adapt their growth rate and body size to available nutrients by a general 


modulation of 
ai 


10 acids promote the release 


insulin-insulin-like growth factor signaling. In Drosophila, dietary 
the hemolymph of brain insuli 


ke peptides 


(Dilps), which in turn activate systemic organ growth. Dilp secretion by insulin-producing 


cell 


wolves a relay through unknown cytokines produced by fat cells. Here, we 


identify Methuselah (Mth) as a secretin-incretin receptor subfamily member required 
in the insulin-producing cells for proper nutrient coupling. We further show, using 


genetic and ex 


/o organ culture experiments, that the Mth ligand Stunted (Sun) is 


a circulating insulinotropic peptide produced by fat cells. Therefore, Sun and Mth define 


a new cross-organ 
to nutrients. 


nvironmental cues, such as dietary prod- 

ucts, alter animal physiology by acting on 

developmental and metabolic parameters 

like growth, longevity, feeding, and energy 

storage or expenditure (1). The systemic 
action of this control suggests that interme- 
diate sensor tissues evaluate dietary nutrients 
and trigger hormonal responses, Previous work 
in Drosophila melanogaster established that 
a specific organ called the fat body translates 
nutritional information into systemic growth 
promoting signals (2-4). The leptinlike Janus 
Kinase-signal transducers and activators of tran- 
scription (JAK-STAT) ligand unpaired 2 and the 
CCHamid2 peptide are produced by fat cells in 
response to both sugar and fat and trigger a meta- 
bolic response (5, 6). Dietary amino acids activate 
‘ORCI signaling in fat cells and induce the pro- 
duction of relay signals that promote the release 
of insulin-like peptides (Dilps) by brain insulin- 
producing cells (IPCs) (3, 7). Two fatlerived. pep- 
tides (GBP1 and GBP?) activate insulin secretion 
in response to a protein diet, although their recep- 
tor and neural targets remain uncharacterized (8). 
‘To identify critical components of this organ cross- 
talk, we conducted a genetic sereen in Drosophila 
larvae (Gig, SIA). The gene methuselah (mth), which 
encodes a heterotrimeric GTP-binding protein 
(G protein)-coupled receptor belonging to the 
subfamily of the secretin-incretin receptor sub- 
family (9-12) came out as a strong hit, Impair- 
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cuitry that modulates phy 


logical insulin levels in response 


ing mth funetion in the IPCs reduces larval body 
growth (Fig. 1A), whereas silencing meh in a 
distinet set of neurons or in the larval fat body 
had no impact on pupal volume (fig. S1B). Larvae 
in which expression of the mth gene is reduced 
by RNA interference (RNAi), specifically in the 
IPCs (hereafter, dilp2>mth-Ri), present an accu- 
mulation of Dilp2 (Fig. 1B) and Dilps (fig. SIG) in 
the IPCs, whereas dilp? gene expression remains 
unchanged (fig. SIH), a phenotype previously de- 
scribed as impaired Dilp secretion (13). Indeed, 
forced depolarization of the IPCs rescues pupal 
volume and Dilp2 accumulation upon IPC-specific 
mth depletion (knockdown) (fig. SI, J and K). 
‘Therefore, Mth is required for Dilps seeretion and 
larval body growth. 

‘Two peptides encoded by the stunted (sun) 
gene, SunA and SunB, serve as bona fide ligands 
for Mth and activate a Mth-dependent intra~ 
cellular calcium response (74, 25) (see fig. SBE 
for peptide map), Silencing sun in fat cells, but 
no other larval tissue, of well-fed larvae mimics 
the mth loss-of-funetion phenotype (Fig. 1, Cand 
D, and fig. Sil) with no effect on the develop- 
mental timing (fig. SUL). Conversely, overexpres- 
sion of sun in the larval fat body (pp>sun) 
partially rescues the systemic growth inhibition 
observed upon feeding larvae a diet low in amino 
acids (Fig. 1E and fig. SIM) or upon “genetic 
starvation” [silencing of the slimfast (slif) gene 
in fat cells (3)] (fig. SIN). This growth rescue is 
abolished in mth’ homozygous mutants (Fig. 1F). 
‘This shows that Sun requires Mth to control 
growth, However, sun overexpression has no effect 
in animals fed a normal diet (Fig. 12). A modifi- 
cation of sun expression does not prevent fat 
body cells from responding to amino acid dep- 
rivation as seen by the level of TORCI signaling, 
general morphology, and lipid droplet accumu- 
lation (fig. S2, A and B) but affects the ability of 
larvae to resist to starvation (fig. $2C). 


Dilp2-containing secretion granules accumu- 
late in the IPCs following starvation and are 
rapidly released upon refeeding (7) (fig. SA). 
‘Mth is required in the IPCs to promote Dilp see- 
retion after refeeding (Fig. 2A and fig. S3B), and 
forced membrane depolarization of IPCs using 
a bacterial sodium channel (dilp2>NaChBac) 
is dominant over the blockade of Dilp2 secretion 
in dilp2>mth-Ri animals (Fig. 24). This dom- 
inance indicates that Mth aets upstream of the 
secretion machinery. In addition, Dilp2 secretion 
after refeeding is abrogated in Jpp>sur-Ri animals, 
(Fig. 2B), and overexpression of sun in fat cells 
prevents Dilp? accumulation upon starvation (Fig. 
2B), Altogether, these findings indicate that Mth. 
and its ligand Sun are two components of the sys- 
temic nutrient response controlling Dilp secretion, 

‘Hemolymph from fed animals triggers Dilp2 
secretion when applied to brains dissected from 
starved larvae (7) (Fig. 3A). This insulinotropic 
activity requires the function of Mth in the IPCs 
(Fig. 3A and fig. S3C) and the production of 
‘Sun by fat body cells (Fig. 38). Conversely, over- 
expressing sun in the fat body (Ipp>sun) is 
sufficient to restore insulinotropic activity to 
the hemolymph of starved larvae (fig. S3D). A 
2-hour incubation with a synthetic peptide cor- 
responding to the Sun isoform A (Sun-A) is also 
sufficient to induce Dilp secretion from starved 
brains (Fig. 3C). A similar effect is observed with 
an N-terminal fragment of Sun (N-SUN) that 
contains the Mth-binding domain (14, 15) but 
not with a C-terminal fragment (C-SUN) that 
does not bind Mth (fig, $3, E and F). ‘The insul- 
inotropic effect of N-SUN is no longer observed. 
in brains from larvae of the mh allele, mth! 
(fig. S3F). This absence of effect indicates that 
N-SUN action requires Mth in the brain. In ad- 
ition, preincubation of control hemolymph with 
antiserum containing Sun antibodies specifically 
suppresses its insulinotropie funetion (Fig. 3D). 
‘These results indicate that Sun is both sufficient 
and necessary for insulinotropie activity in the 
hemolymph of protein-fed animals, 

‘To directly quantify the amount of circulating 
Sun protein, we performed Western blot exper- 
iments on hemolymph using antibodies against 
Sun, A 6-KD band was detected in hemolymph 
collected from fed larvae (Fig. 44), and size was 
confirmed using Schneider 2 (S2) cell extracts 
(Fig. 40), The band intensity was reduced upon 


sun knockdown in fat body cells but not in gut 
cells (Fig. 4C). Therefore, circulating Sun peptide 
appears to be mostly contributed by fat cells, as 
suggested by functional experiments (see Fig, 
1C). The levels of circulating Sun are strongly 


reduced upon starvation (Fig. 4). In line with 
this, sun transcripts are drastically reduced after 
4 hours of protein starvation and start inereasing 
after 1 hour of refeeding (Fig. 4B), whereas ex- 
pression of the su homolog C3147 is not mod- 
ified (fig. S4A). sun transcription is not affected 
by blocking TORCI, the main sensor for amino 
acids in fat body cells (3) Gpp>TSC/2 in fig. S4B). 
However, adipose-specific TORCI inhibition in- 
duces a dramatie reduction of circulating Sun 
(Fig, 4C), indicating that TORC1 signaling controls 
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Fig. 1. Mth and Sun are required for systemic growth. (A) Three different mth RNAi constructs (KK 
102303, TRIP 36823, and BA3) decrease pupal size when driven in the IPC (cfip2>) (n> 20). (B) Silencing 
th in the IPC induces accumulation of Dilp2 (n > 20), Fluorescence intensity measured as fold change 
(tc). (€) Silencing sun in the fat body (Jop-Gal4>sun-Ri) reduces pupal volume. No defect is observed 
when silencing in other tissues (myold-Gal4, gut; MHC-Gal4, muscle; elav-Gal4, CNS; or dlip2-Gal4, IPC), 
(D) sun silencing in the fat body causes Dilp2 accumulation in the IPC (n > 60). (E) sun overexpression in 
the fat body partially rescues the pupal size reduction observed in larvae fed a low-protein diet compared 
with those fed a high-protein diet (n > 20). Amino acid, aa. Red dashed line here and below shows the 
level of controls. (F) Overgrowth observed upon forced fat body expression of sun in larvae fed a low— 
amino acid diet is observed in mth’”* but nat in mth? homozygous flies (n> 40). In graphs, means are 
shown, and error bars represent SEM; “*P < 0.01 
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Sun peptide translation or secretion from fat 
cells. PGCI-Spargel is a transcription activator, 
the expression of which relies on nutritional 
input (fig. S4D) (16). We find that PGCT is re- 
quired for sun transcription (Fig. 4D) and that 
fat body silencing of PGCI and sun induce iden- 
tical larval phenotypes (Fig. 4E and fig. S4C). 
Although PGCT expression is strongly suppressed 
upon starvation, blocking TORCI activity in fat 
cells does not reduce PGC! expression (fig. S4E). 
Conversely, knocking down PGCI does not inhib- 
it TORC! activity (Gg. S4F). This finding suggests 
that PGCI and TORCL act in parallel. Therefore, 
‘Sun production by fat cells in response to nutri- 
tion is controlled at two distinet levels by PGCL 
and TORCL 

‘The Sun peptide is identical to the e subunit, 
of the mitochondrial F,F-adenosine triphospha- 
tase (FFy-ATPase) synthase (complex V) (14, 17). 
Indeed, both endogenous Sun and Sun labeled 
with a hemagglutinin tag (Sun-HA) (fig. S5A) 
colocalize with mitochondrial markers in fat 
cells (fig. S5B), and the Sun peptide cofraction- 
ates with mitochondrial complex V in blue native 
polyacrylamide gel electrophoresis (fig. SC). 
In addition, silencing sun in fat cells decreases 
mitochondrial Sun staining (fig. S5B) and the 
amounts of adenosine triphosphate (ATP) (fig. 
‘S5D). However, recent evidence indicates that 
an ectopic (ecto) form of the F,Fo-ATP synthase 
is found associated with the plasma membrane 
in mammalian and insect cells (78-27). In addi- 
tion, coupling factor 6, a subunit of complex V, is, 
found in the plasma (22). Therefore, Stunted 
could participate in two separate functions carried 
by distinct molecular pools. ‘To address this pos- 
sibility, we used a modified form of Stunted 
canying a green fluorescent protein (GFP) tag at 
its N terminus (GFP-Sun), nest to the mitochondria- 
targeting signal (MTS) (fig. S5A). When expressed 
in fat cells, GFP-Sun does not localize to the 
mitochondria (fig. S6A), contrarily to a Sun 
peptide tagged at its C-terminal end (Sun-GFP) 
(fig. S6C). This suggests that addition of the 
‘N-terminal tag interferes with the MTS and 
prevents mitochondrial transport of Sun. How- 
ever, both GFP-Sun and Sun-GFP are found in 
the hemolymph (fig. S6B) and reseue pupal size 
and Dilp2 accumulation in larvae fed a low- 
amino acid diet as efficiently as wild-type Sun 
(wt-Sun) (Figs. 4F and 1E and fig, S6E) and do 
so in a meh-dependent manner (fig. S6D). This 
indicates that the growth-promoting function of 
‘Sun requires its secretion but not its mitochon- 
rial localization and suggests the existence of 
‘one pool of Sun peptide located in the mito- 
chondria devoted to F,Fo-ATP synthase activity 
and ATP production and another pool released 
in the hemolymph for coupling nutrient and 
growth control. In this line, although fat body 
levels of Sun are decreased upon starvation 
(fig, S6F), its mitochondrial localization is not 
reduced (fig. S6G). This finding indicates that 
starvation affects a nonmitochondrial pool of 
Sun. In support of this, starved fat bodies con- 
tain normal levels of ATP and lactate (fig. S6, H 
and 1), indicating that mitochondrial oxidative 
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Fig. 3. Sun is a fat body-derived insulinotropic signal. (A) Hemolymph 
collected from fed, but not starved, larvae activates Dilp2 secretion when 
incubated on dissected brains from starved control (dijp2>w), but not mth 
deficient (diip2>mth-Ri, larvae. (B) Hemolymph from fed larvae deficient for 
adipase sun (lpp>sun-Ri) does not induce Dilp2 secretion, (G) Incubation of 
brains from starved larvae with various concentrations of SUN-A stimulates 
Dilp2 secretion. DMSO, dimethyl sulfoxide. (D) Hemolymph collected from fed 


phosphorylation is preserved in fat cells in poor 
nutrient conditions. Last, other subunits from 
complex V (ATP5a) or complex I (NdufS3) 
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were not detected in circulating hemolymph 
(fig. S63). Therefore, the release of Sun in the 
hemolymph relies on a specific mechanism. 


4 Dip tiorescence () 


larvae preincubated with preimmune serum (fed+PP), but not from larvae 
treated with antibodies against SUN (aSUN), induces Dilp2 secretion. Titration 
of aSUN with blocking pentides allows reactivation of Dilp2 secretion. Diluted 
(dil) blocking peptides do not block aSun action [fed¥SUNpep( ci.) + SUN}. 
Graphs represent quantiications of ADilp2 fluorescence relative to contra 
brains (brains from starved larvae incubated with hemolymph, from fed 
larvae, or with DMSO) (means + SEM; n> 20); **P < O01 


In conclusion, we provide evidence for a mole- 
cular cross-talk between fat cells and brain IPCs 
involving the ligand Stunted and its receptor 
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Fig. 4. The level of circulating Sun relies on TOR and PGC1 in fed ani- 
mals. (A) Circulating Sun peptide is detected by Western blotting of he- 
‘molymph from ted larvae (lanes 1 and 2) but not starved larvae (lanes 3 and! 4), 
Antibodies against Crossveinless d lipoprotein (aCv-d) are used as a loading 
control. Quantification in arbitrary units (au) of the normalized circulating 
Sun detected in the hemolymph according to nutritional conditions (means + 
SEM: n= 4): “*P <Q01 (B) The sun transcript levels in the fat body decrease 
upon starvation and increase upon refeeding (measured by quantitative 


‘A pupal vakime (%) 


“P< 0001. (C) Circulating Sun levels decrease upon sun silencing in fat body 
cells (/op>sun-R?) but not in gut cells (myald>sun-R). Blocking TORCL in fat cells 
(lpp>TSC1/2) strongly decreases circulating Sun. Quantification of normalized 
Circulating Sun. (D) sun expression is severely reduced when PGC1 is silenced 
in fat body cells (means + SEM; n = 3); **P < O01. (E) Silencing PGC1 in the fat 
body (Iop>PGCI-R)) decreases pupal size (means + SEM; n > 40); **P <O.0L 
(F) Forced fat body expression of GFP-Sun (Ipp>GFP-Sun) or Sun-GFP 
(lpp>Sun-GFP) rescues pupal size reduction observed from larvae fed the low- 


reverse transcription polymerase chain reaction) (means + SEM; n = 4), 


Methuselah, Stunted is a moonlighting peptide 
present both in the mitochondria as part of the 
F,Fo-ATP synthase complex and as an insulino- 
tropic ligand circulating in the hemolymph. The 
mechanism of Stunted release remains to be 
clarified. The beta subunit of the ectopie form of 
F,Fo ATP synthase is a receptor for lipoproteins 
(18-2), which serve as cargos for proteins and 
peptides. In addition, Drosophila lipid transfer 
particle-containing lipoproteins were shown to 
act on the larval brain to control systemic insulin 
signaling in response to nutrition (23). This sug- 
gests that Sun could be loaded on lipoproteins for 
its transport. Given the role of insulin—insulin- 
like growth factor (IGF) signaling in aging, our 
findings could help in understanding the role of 
Sun/Mth in aging adult flies (9-11, 13, 14). 

‘The same genetic screen previously identified 
the fly tumor necrosis factor a Eiger (Egr) as an 
adipokine necessary for long-term adaptation 
to protein starvation (24), and recent work pointed 
to other adipose factors (5, 6, 8), illustrating the 
key role of the larval fat body in orchestrating 
nutrient response. The multiplicity of adipose 
factors and their possible redundancy could ex- 
plain the relatively mild starvation-like pheno- 
type obtained after removal of only one of them, 
Overall, these findings suggest a model whereby 
partially redundant fat-derived signals account 
{for differential response to positive and negative 
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valence of various diet components, as well as 
‘acute versus long-term adaptive responses. 
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HIV-1 VACCINES 


Priming HIV-1 broadly neutralizing 
antibody precursors in human Ig loci 
transgenic mice 


Devin Sok, ** Bryan Briney,'*** Joseph G. Jardine,'** Daniel W. Kulp,"** 
Sergey Menis,"?" Matthias Pauthner,"** Andrew Wood,* E-Chiang Lee,* 

Khoa M. Le," Meaghan Jones," Alejandra Ramos,"** Oleksandr Kalyuzhniy,">* 
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A major obstacle to a broadly neutralizing antibody (bnAb)-based HIV vaccine is the 
activation of appropriate B cell precursors. Germline-targeting immunogens must be capable 
of priming rare bnAb precursors in the physiological setting. We tested the ability of the 
VRCOl-class bnAb germline-targeting immunogen eOD-GT8 6Omer (60-subunit self-assembling 
nanoparticle) to activate appropriate precursors in mice transgenic for human immunoglobul 
(Ig) loci. Despite an average frequency of, at most, about one VRCOl-class precursor per 


mouse, we found that at least 29% of singly immu 
memory response, suggesting that priming ger 
was present. The results demonstrate the fea: 
specific and exceedingly rare bnAb-precursor B cells wi 


tis widely thought that vaceine elicitation 
of sustained levels of potent broadly neutral- 
izing antibodies (bnAbs) may protect humans 
against HIV (, 2). HIV bnabs from natural in- 
fection show extensive somatic mutation (1-9), 
and this maturation is required for cross-reactivity 
to diverse isolates: bnAb inferred-germline var- 
iants typically show detectable affinity for few if 
any HIV envelope protein (Env) antigens tested 
(35, 7, 10-20). Most wild-type Env proteins are 
therefore poor immunogens to prime bnab re- 
sponses (3-5, 17, 22, 23). Reliable vaccine ini 
tiation of bnab responses will likely require 
design or discovery of “germline-targeting” priming 
immunogens with appreciable affinity for bnAb 


red mice produced a VRCOl-class 

rally succeeded when at least one precursor 
ity of using germline targeting to prime 

in a humanlike repertoire. 


thermore, consistent baAb priming may only be 
possible for bnAb precursors present at reasonable 
frequeney in all or most vaceine recipients (27). 

Proof of principle that a germline-targeting im- 
‘munogen can prime relatively rare bnAb-precursor 
B cells was shown with the eOD-GTS 60-subunit 
self-assembling nanoparticle (60mer) that targets 
precursors of CD4-binding- site-directed VRCOL- 
class bnAbs (26). VRCOLclass precursors are de- 
fined by their use of a heavy-chain Vj,1-2*02 (or 
*03 or *04) gene and light chains with unusually 
short complementarity-determining region 3 (CDR3) 
loops of five amino acids (5, 30-32). In a trans- 
‘genic mouse model expressing the germline-everted 
‘VRCO1 heavy chain paired with wild-type mouse 


quency of VRCOI-class precursor B cells was esti- 
mated to be higher than in humans by a factor of 
as little as ~5, a single immunization with eOD- 
GTS GOmer activated VRCO1-class precursors and 
generated VROOI-class memory responses in nearly 
all immunized mice, whereas control immunogens 
presenting a native CD4 binding site failed to 
activate such precursors (26). The eOD-GT8 60mer 
activated target precursors less robustly in a dif- 
ferent VRCOI-class inferred-germline heavy-chain 
transgenic mouse (25), Several properties of both 
mouse models lowered the bar for germline tar- 
geting compared to the challenges confronted in a 
human: elevated bnAb precursor frequency, re- 
duced competition from other B cell specificities, 
limited diversity of bnAb precursors owing to their 
uniform recombined heavy chains, and an affinity 
advantage conferred on bnAb precursors due to 
their mature H-CDR3s. 

To better model the conditions for initiation 
of a VRCOLclass bnAb response in humans, we 
investigated immunization with eOD-GTS 6omer 
in Kymab mice transgenic for the complete un- 
rearranged human antibody germline gene rep- 
ertoire (33). Kymab mice contain human heavy 
chains paired with either human kappa light 
chains (HK mice) or human lambda light chains 
(HL mice), or both (HKL mice), To determine the 
level of difficulty for VRCoI-class bnAb priming 
in Kymab mice, we first measured the frequen 
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Fig. 1 Frequency analysis of VRCOI-class light chains and precursors in Kymab HK mice. (A) Light-chain 
L-COR3 length distributions in humans and HK mice. (B) Frequencies of five-amino acid L-CDR3s in humans and 
HK mice. (C) Frequencies of known VRCOl-ciass bn light-chain Vee genes in humans and HK mice. (D) Fre- 
{quencies of known VRCOI-ciass bnAb Vee genes with five-amino acid L-CDR3s in humans and HK mice. (E) Modeled 
distributions of the number of VRCOL-class precursors per HK mouse for average precursor frequencies of 0.2 or 
13 per HK mouse, corresponding to frequencies of 1 in 360 milion or 1 in 60 milion HK B cells, respectively, One 
in 60 milion is likely to be an upper bound on the frequency, and so the distribution is likely to be shaped more 


Homan HI mouse aman AK mouse 


E 10. 


Frequency of VRCO1-class precursors 
we in 350 mation HC 8 ete 
Sin 80 mito HI Bets 


Probab 


like that shown for 1in 360 million (see text). In (B) to (D), points represent frequencies for individual humans Le ee ee ee 
of mice (each sequenced ance), and bars represent mean + SD for n = 4 humans or n= 5 HK mice. 


SCIENCE. sciencemag.org 


1 of VRCOT-clas precursors per HK mouse 


80 SEPTEMBER 2016 + VOL $53 ISSUE 6807 1557 


nce.sciencemag.org/ on October 7, 2016 


sc 


Downloaded from http: 


RESEARCH | REPORTS 


of VRCOL-class precursors in the above mouse 
strains. Using B cell sorting methods, we previ- 
ously detected eOD-GT8-specific VRCOL-class pre- 
cursors at a frequency of 1 in 24 million among 
human naive B cells expressing kappa light chains 
(27. Using similar methods to probe a total of 
~300 million naive B cells from the spleens and 
lymph nodes of unimmunized HK and HL mice 
(n-=3 each), we were unable to isolate any VRCOI- 
class B cells, suggesting that the frequency of such 
B cells was considerably lower than in humans. 
‘The frequency of the Vis1-2*02, *03, or *O¢ alleles 
among HK B cells was previously measured as 
0.9% (33, 34), lower than the frequeney in hu- 
mans (2.9 + 1.3%) (fig. SI) (35, 36) by a factor 
of only ~3, Therefore, to explain the reduced 
frequency of VRCOI-class B cells in Kymab mice, 
‘we analyzed the light-chain variable gene (V,) 
usage and CDR3 length distributions from immu 
noglobulin M-positive (IgM*) or IgG" B cells for 
five HK mice and four healthy humans by next- 
generation sequencing (NGS) (37). The kappa 
light chain-CDR3 (L-CDR3) length distributions 
‘were broadly similar in HK mice and humans 
(Fig. 1A), but the frequeney of five-amino acid 
L-CDR3s was lower in HK mice (0.018 + 0.013%) 
than in humans (0.95 + 0.57%) by a factor of ~50 
(Fig. 1B). The cumulative frequeney of Vix genes 
used by known VRCOL-class bnAbs [IGVK3-20, 
IGVK1-33, and IGVK3-15 (32, 38)] was 24.0 + 3.5% 
in HK mice, similar to the 23.2 + 4.9% that we 
‘measured in humans (Fig. 1C). However, the fre- 
quency of five-amino acid L-CDR3s associated 
with known VRCOL-class kappa chains was re- 
duced by a factor of ~300 in HK mice (0,00089 = 
0.00079%) compared to humans (0.27 + 0.13%) 
(Fig. 1D), Restricting the analysis to light chains 
with five or fewer Vj, nucleotide mutations pro- 
duced similar conclusions (fig. S2). Whatever the 
cause, our data indicate that VRCOLclass precur- 
sors are less frequent in HK mice than in humans 
by a factor of 150 to 900. 

Although we previously detected eOD-GT8- 
specific VRCO-class precursors at a frequency of 
Lin 24 million naive human kappa light-chain B 
calls, by correcting for cell sorter and polymerase 
chain reaction (PCR) losses, we estimated the true 
frequency as 1 in 400,000 (27), Based on this num- 
ber and the calculations above, we conclude that 
the frequeney of VRCOL-<lass precursors in HK 
mice is unlikely to be higher than 1 in 60 million 
(150 x 400,000) B cells and might be as low 
as 1in 360 million (=900 x 400,000) B cells. The 
spleens of HK and HL mice (7 to 18 weeks of age) 
contain 50 million B20" B cells, of which ~60% 
are mature B cells (33) that are thought prepared 
to respond to antigen. By also accounting for the 
lymph nodes and periphery, we estimate that 
each mouse contains ~75 million B cells, of which 
45 million are mature. ‘Thus, we expect a very low 
average frequeney of 0.2 (75/360) to 13 (=75/60) 
eOD-GTB-specific VRCO1-class precursors per HK 
‘mouse at any given time. Modeling the number of 
precursors per mouse with Poisson distributions 
predicts that 27 to 829% of HK mice will have zero 
precursors and the remainder one to four precur- 
sors (Fig, 1E). Thus, priming VRCOLdass responses 
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Fig. 2. B cell sorting analysis reveals reproducible epitope-specific responses to eOD-GT8 6Omer 
prime. (A) Overview of two immunization experiments in Kymab mice. (B) Frequencies of epitope-specitic 
memory B cells at days 14 or 42 after priming in experiment 1. (C) Same type of data as in (B) but for 
‘experiment 2, in which analysis was carried out at day 42 only. in (B) and (C), points represent frequencies 
measured for a single mouse, each measured once, and bars represent mean + SD for all data in each 


column of the graph. 


in HK mice appears substantially more difficult 
than in humans, as the precursor frequeney is 
lower (by a factor of 150 to 900) and the number 
of precursors per individual is lower [by 3000 
to 30,000 precursors (27)]. Frequency analysis in 
‘one HL mouse and two HKL mice reached similar 
conclusions that were only slightly more favor- 
able for VRCOI-class priming (table S1). 

We conducted immunization experiments to 
determine if €OD-GT8 6Omer could prime rare 
‘VRCOL-class precursors in Kymab mice. Our first 
experiment (Fig. 2), in both HK and HL mice 
(28 mice each), evaluated differences in antigen 
dose (20 versus 4 ig), adjuvant formulation, and 
route (Iseomatrix/subcutaneous versus Sigma Ad- 
Jjuvant system, also known as “Ribi’/intraperitoneal), 
‘and time point of analysis (14 days versus 42 days 
after immunization). Unimmunized mice (three 
HK and three HL) and mice immunized with 
20 ug of non-germline-targeting eOD-17 60mer 
in Iscomatrix were controls, Serum enzyme-linked 
immunosorbent assay showed robust responses to 
eOD-GTS [endpoint titers of (1 to 5) x 10° and 
half-maximal inhibitory concentrations of (5 to 
13) x 10” at day 42] and lower responses to eOD- 
GTS KO (fig. $3), a mutant with reduced binding 
to VRCOt-class antibodies (26), indicating epitope- 
specific responses (fig. $4) (37). Spleens and lymph 


nodes from culled mice were processed, stained, 
and single-cell sorted for IgM"/IgD~ memory 
B cells that bound to eOD-GTS tetramers but not 
to eOD-GTS KO tetramers (27, 37). Only eOD- 
GTS GOmer-immunized mice showed evidence of 
epitope-specific (e€OD-GT8"/eOD-GT8 KO") mem- 
‘ory B cells (Fig. 2B). A control sort of e€OD-17 GOmer- 
‘immunized samples with eOD-17/eOD-17-KO probes 
identified memory B cells reactive with eOD-17 but 
not cOD-GTS. 

‘We performed a second experiment (Fig. 2A), 
in HK and HKL mice, with eOD-GTS Gomer, 
eOD-17 60mer, the native-like trimer BG505 
SOSIP (39-44), and eOD-GTS d4im3 60mer, a 
variant of eOD-GT8 60mer with disulfide stabi- 
lization and modification of the underlying nano- 
particle (fig. $5). The results for eOD-GTS d4im3 
60mer are combined with those of eOD-GTS 
60mer, as the two were indistinguishable (fig. 
6). Although epitope-specifie memory B cell 
frequencies were slightly (factor of ~3) lower 
in the second experiment, potentially because of 
sorting with a different eOD-GT8 KO bait (e€OD- 
GT8 KO2 (fig. $3)], comparison of frequencies 
between groups (Fig. 2C) supported the findings 
from the first experiment (Fig. 2B). 

To determine whether or not the epitope- 
specific memory B cells generated by eOD-GT8 
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Fig. 3. Analysis of antibody sequences from epitope-specific memory B 
cells. (A) Summary of all sequence information obtained from experiments 
1 and 2. Of the 33 VRCOI-class pairs, 28 were identified as unique in nucle: 
otide sequence. (B) Number of eD-GT8 6Omerimmunized or contro! mice 
from which at least one VRCOl-ciass pair was isolated by B cell sorting (+) or 
no VRCOL-ciass pairs were isolated (-). Data are aggregated from all animals 
and conditions in experiments 1 and 2, with a total of 90 mice. The P value 
was calculated by using Fisher's exact test. (C) Number of eOD-GT8 6Omer- 
immunized HK, HL, or HKL mice for which at least one VRCOL-class pair was 
isolated (red, with percentages listed in white) or no VRCOL-ciass pairs were 
isolated (gray). In (D) and (E), the same analysis was performed as in (B) and 


(©), respectively, but with five-amiino acid L-CDR3 light chains instead of VRCOL 
class pairs. (F) LCDR3 sequence logos for VRCOL-ciass bbs (top row), 20D: 
GT8 GOmer-induced VRCOL-class paired antibodies (second row), eOD-GT8 
‘60mer-induced five-amino acid L-CDR3s (third row), and naive Kymab mice 
(bottom row), shown separately for kappa light chains (left column) and lambda 
light chains (right column). (G) L-CDR1 length distribution for eOD-GT8 6Omer 
induced VRCOL-class antibodies (red) and all LCs in (A) (black). (H) Light chain 
\Vieand Va.gene usage for €OD-GT8 60mer-induced VRCOL-class antibodies 
Red bars denote genes used by. or highly similar to those used ty, known VRCOI- 
class antibodies. (1) H-CDR3 length distribution for eOD-GT8 60mer-induced 
VRCOI-class antibodies. 


60mer immunization contained VRCOL-lass mem- 
ory B cells, RNA from single eOD-GT8"/eOD- 
GT8 KO" sorted memory B cells was reverse 
transcribed and 1gG variable genes were ampli- 
fied and sequenced by NGS (37). The two exper- 
iments yielded a total of 10,816 wells from which 
unique heavy- and/or light-chain nucleotide se- 
quences could be determined, and of these, 3122 
wells contained a heavy- and light-chain pair 
(2526 pairs for eOD-GT8 60mer-immunized mice, 
537 pairs for controLimmunized mice, and 59 pairs 
for unimmunized mice) (Fig. 3A and tables $2 
to $4). From these sequences, we identified 28 
nucleotide-unique (26 amino acid-unique) VRCOI- 
class heavy-light paired memory responses among 
29% (17 of 58) of eOD-GTS 60mer-immunized 
mice (aggregating across different doses, adju- 
vants, time points, types of mice, and the two 
experiments) (Fig. 3B, fig. S7, and table $5). In 
contrast, we detected no VRCOI-class responses 
from 32 control mice. €OD-GTS 60mer-induced 
‘VRCOI-class responses were found at approx- 
imately similar frequencies in HK, HL, and HKL. 
mice (Fig. 30). 

‘Whereas only 21% (28/136) of paired sequences 
with Vit-2"04 heavy chains had L-CDR3s of five 
amino acids, 88% (28/32) of paired sequences with 
a five-amino acid L-CDR3 included a Vigl-2*04 
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heavy chain (Fig. 3A), suggesting that five-amino 
acid L-CDR3s in memory B cells may serve as 
a proxy for VRCOMlike responses. Therefore, 
‘we examined the frequency of five-amino acid 
L-CDR3s among all paired and unpaired light- 
chain sequences. We identified 62 light chains 
with 5-amino acid L-CDR3s from 48% (28 out 
of 58) of eOD-GTS GOmer-immunized mice, 
whereas we found no five-amino acid L-CDR3s 
among control mice (Fig. 3, A and D). eOD-GT8 
60mer induced memory B cells with five-amino 
acid L-CDR3s at substantial frequencies in all 
three types of mice (Fig. 3E). All combinations 
of dose, adjuvant, and time point produced 
‘VRCOL-ass responses and five-amino acid 1-CDR3 
responses (fig. S8). Given the very low frequency 
of VRCO1-class precursors, these results indicate 
that VRCOLclass priming by eOD-GT8 GOmer 
‘was highly efficient and may have succeeded in 
all or most mice in which at least one precursor 
‘was present, 

‘The VRCOL-class antibodies induced by eOD- 
GTS 6Omer shared other characteristic features 
of VROOL-class bnAbs in addition to the Vigl-2 
alleles and five-amino acid L-CDR3. The L-CDR3 
is a key site of affinity maturation in VRCOL-class 
bnAbs (32), and the 28 VRCO1-class antibodies 
showed clear signs of selection toward bnAb se- 


quences in both kappa and lambda L-CDR3 
(Fig. 3F). In addition, 21 of 28 VRCOI-class pairs had 
L-CDRI lengths matching those of the germline 
Vi. genes of known VRCOL-class bbs (Fig. 3G) 
(22), Further, 18 of these 28 antibodies used known 
‘VRCOI-class Vj, genes (Fig. 3H), and the H-CDR3 
lengths among the VRCOL-class pairs (9 to 16 
amino acids) were similar to those of known 
‘VROOL-dass bbs (12 to 18 amino acids) (Fig. 3D. 

Consistent with a VRCOL-class binding mode, 
all 20 VRCOL-class antibodies that we expressed. 
bound to eOD-GTS but had no detectable affinity 
for either eOD-GTS mutant, eOD-GT8 KO, or 
eOD-GT8 KO2 (fig. $9), These VRCOL-class anti 
bodies had geometric mean (GM) affinity for 
eOD-GTS of 134 nM [geometric standard devi- 
ation (GSD), 9.4], a factor of 25 higher than the 
geometric mean eOD-GTS affinities of VRCOI- 
class antibodies isolated from naive human B 
cells (3.4 uM; GSD, 5.6) (27), possibly due to 
maturation of the immunogen-induced anti- 
bodies (mean + SD mutation levels were 0.8 + 
11% in Viz and 15 # 11% in V,). €OD-GT8 60mer- 
induced VRCO1-class antibodies in the VCO gH 
mouse had similar mutation levels (Vix: 13 
9.2%; Vi:20 # 1.9%) but higher GM affinity for 
eOD-GTS by a factor of 22 (GM, 6.0 nM; GSD, 
38.7) (26), probably due at least in part to the 
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engineering of eOD-GTS for ultrahigh affinity 
(© pM) to germline-reverted VRCO1 (27). Thus, 
the Kymab antibody affinities are likely better 
predictors of the affinities of human responses 
to a single immunization of eOD-GT8 60mer, 

Ultimate elicitation of bnAbs will probably 
require sequential boosting with more native- 
like epitope variants to select sufficient bnAb- 
like mutations (1, 4, 5, 10, 16, 17, 22, 23, 25, 26). 
Consistent with this expectation and with results 
of eOD-GT8 60mer priming experiments in knock- 
in mice (25, 26), the primed VRCOI-class anti- 
bodies in this study showed no affinity for the 
native-like trimer BG505 SOSIP (fig. S10) and 
no neutralizing activity against the VRCOLsensitive 
HXR2 HIV strain from which eOD-GT8 was derived 
(fig, SH), That only ~19% (28/2526) of epitope-specific 
antibodies were VRCOL-class (Fig. 3A) suggests 
that immunofocusing strategies may be needed 
to suppress competing responses during boost- 
ing (1, 4)—though in humans, the higher VRCOI- 
class precursor frequency may mitigate this 
challenge, 

Germline targeting is a promising vaecine 
strategy, but developing suitable model systems 
to evaluate targeting of human germline B cells 
is difficult. Kymab human immunoglobulin loci 
transgenic mice offer a more stringent and human- 
like model compared to most knock-in mice, 
Although Kymab mice underrepresent the fre- 
quency of VRCOL-class precursor B cells com- 
pared to humans and possess an average of at 
most 1.3 such precursors per mouse, the eOD- 
GT8 GOmer still proved capable of priming. ‘The 
seemingly high targeting efficiency of eOD-GTS 
60mer in this mouse model encourages human 
testing wherein the VRCOI-class precursor fre- 
quency among B cells and the number of pre- 
cursors per individual are more favorable for 
bnab priming. ‘The results of this study should 
also encourage germline targeting for other bnAbs 
with lower human precursor frequencies. 
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Microbial Protein ki 
The NoviPure Microbial Protein Kit 

is designed to isolate total cellular 
proteins from microbial cultures in a 
‘Quick and user-friendly spin fiter format. 
‘An optimized bead-beating method 
‘enables efficient ysis and solublization 
of total proteins from a large diversity 

‘of microbial species including fungi and 
‘gram-negative and gram-positive bacteria. 
The use of silica spin fiters to achieve 
reversible Immobilization of protein—a 
patent-pending technical advance in 
protein extraction—greatly simplifies the 
isolation process by removing traditionally 
‘cumbersome, bias-inducing precipitation 
steps. Isolated proteins are suitable for 
many downstream applications such 

as 1D and 2D sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (SDS 
PAGE) as well as mass spectrometry. The 
novel spin fiter-based method enables 
protein extraction in ust 22 minutes 
without the need for precipitation. 


Cell Culture Analyzer 
BioProfile FLEX 2's innovative design 
provides comprehensive analysis of 16 
key cell culture chemistries including 
glucose, lactate, glutamine, glutamate, 
ammonium, sodium, potassium, 
calcium, pH, pCO,, pO,, osmolality by 
freezing point depression, total and 
Viable cell density, and viability by 


NEW PRODUCTS 


Cell-Free DNA Isolation from Urine 
‘The NextPrep-Mag Urine Gell-Free DNA, 
(cfDNA) Isolation Kit is an automation 
friendly kit designed to extract cell-free 
DNA from urine using a magnetic bead 
format. The rapid procedure can be 
completed in only 30 minutes and does nat 
require a vacuum manifold. Using the kit, 
sufficient cfDNA is recovered from urine 
sample volume—ranging from less than 1 
mL to more than 20 mL—to allow robust 
construction of libraries for targeted- or 
whole-genome sequencing. The cDNA 
Isolated with this kit can be used for 
applications including circulating fetal DNA 
studies and cancer diagnostic-related 
liquid biopsy studies, 

Bioo Scientific 

For info: 888-208-2246 
\wwew.biooscientific.com 


Biomarker Assays 
‘Aushon BioSystems introduces new 
Ciraplex ULTRA Ultrasensitive Assays, 


MO BIO Laboratories trypan blue dye exclusion method. The combining the power of multiplexing 
For info: 800-606-6246 {ull panel of tests can be run in under 4 with ultrasensitivity, in conjunction with 
https://mobio.com. minutes with just 265 yl of sample, and Pacific Biomarkers’ Comparative Platform 


Laboratory Blender 

With proven reliability and durability over 
40 years, Seward Stomacher blenders 
are used to prepare over 8 million food 
samples in more than 150 countries. 

The new Seward Stomacher 400 EVO 
combines these gold-standard attributes 
with improved features that make it even 
‘easier to use, easier to clean, and quieter 
than previous models. The unique, one- 
touch bag-loading system means that 
‘operators just need to place the bag in 
the loading slot and push the start button, 
which seals the bag so blending can 
begin. The Seward Stomacher 400 EVO's 
rubber base, combined with a host of 
design and engineering developments, 
eliminates bench movements and ensures 
‘almost silent operation, which reduces 
stress and disruptions to other lab work. A. 
removable drip tray means that spillages 
‘can be quickly cleaned, and for thorough 


cleaning, the paddle chamber can be easily opened and the 
paddles removed, making the entire chamber accessible, 


users can select from manual sampling 
Cr two modes for batch sampling: 96- 
well plates or the built-in 24-position 
tray. BioProfile FLEX 2's maintenance- 
free technology comprises two credit 
card-sized MicroSensor cards, each 
with a minimum 14-day use life and 
capacity for more than 500 samples. 
BioProfile FLEX 2's reagent cartridges 
combined with maintenance-free 
MicroSensor Gard technology reduce 
maintenance to just minutes per 

week. BioProfle FLEX 2 will help to 
meet the sizable need for automated 
cell culture analysis for small-volume 
culture systems like the Sartorius ambr 
microbioreactor systems, 

Nova Biomedical 

For info: 781-894-0800 
\www.novabiomedical.com 


Study. Featuring femtogram/mL levels, 
of detection, these assays address 
multiple biomarkers in a wide range of 
therapeutic areas. They offer enhanced 
sensitivity and an extended dynamic range 
providing quantification below standard 
detection limits. This new high-performing 
assay product line yields consistent 
discrimination at the lower levels of 
detection required for clinical studies 

and patient stratification. In addition, 
intuitive Cira software streamlines the data 
management process, offering exceptional 
data control. Through its unique 
combination of proprietary microarray 
printing, extensive biomarker content, 

and ease of use, the Cira immunoassay 
platform is serving leading pharmaceutical 
companies, contract research 
organizations, and clinical reference 
laboratories worldwide. Ciraplex assays 
are used for applications in preclinical and 
clinical biomarker research, accelerating 


the evaluation of potential drug candidates and advancing the use 
of biomarker profiles in diagnostics. 
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The Ho-Am Prize ignites 
the passion and innovative spirit 
for scientific discovery 


We welcome your recommendations for the a 
=; i: ji To continue Samsung Founder ‘Ho-Am’ Byung-Chull Lee's 
201 7 Ho ‘Am Prize candidates. (1910-1987) efforts to maximize both human potential and 
-Award categories are Science, Engineering, and Medicine. public interest, Chairman Kun-Hee Lee of Samsung estab- 
-Researchers of Korean heritage are eligible for the Prize. shed the Prize tn 1990, The Prize is awarded ansually:to 
outstanding researchers of Korean heritage around 
-Deadline for submission is Oct, 31, 2016. the world who have made important contributions to 
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The name of Sanshui has been given because the three rivers of Xijiang River, 
Beljiang River and Suijiang River converge here,and the Pearl River Delta began from here. 


K28, SFR. tbh. RETICAL, HISRMWSSASH. : 


Here, ever possess the earliest custom in China, the first railway station and railway in Guangdong, 


Here, with picturesque scenery, people lve and enjoy the peaceful and prosperous environment as well as the 
wonderful and leisurely mamert. 


Here, has got the breeze, drizzle and canoes on the river form the wonderful scenery of three rivers in the 
misty rain, 


Here, becomes affluent and prosperous due to water. As a watery city in the south and a green core among 
Guangzhou, Foshan and Zhaoging, its the exclusive characteristic in Foshan, 


Not only an ecopolis but 
also a longevity county 


>r>r>DrD 


The southern scenery is coquettish and graceful, As a 
part of the south, Sanshui awns not a few tourist altrac~ 
tions, such as,"one of the new eight sceneries in 
Foshan—Lotus’ World, more than 466 hectare lake 
region keeping abreast with the West Lake—the lake 
area of Yundonghal, Sanshui Forest Park, the frst batch 
agricultural tourism demonstration plot in China— 
Zoology Kingold Park, the famous historical and cultural 
village in China—Dagitoy Vilage and Chanaq) Vilage, 
the “Southern Wudang" in, China—Lubao Ancestral 
Temple, and the “The first drift in Foshan” —Jiudaogu 
Rafting and so on. More importanlly, the people in 
Sanshui are beatific and macrobiotic because of the 
livable geographic and climatic conditions, natural and 
harmonious vilage ecology, simple and placid attitude 
toward life, and thorough and complete pubic service 
Therefore,’ Sanshui has become the “The longevity 
county in China" , which is the fourth city granted this 
tile in China and the frst in Guangdong. Moreover, ithas 
become the first opulent “The longevity county” in 
China, 


ADVERTISEMENT 
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About Sanshui 


Sanshui, one of thelfive districts under the jurisdiction of Foshan in 
Guangdong, is named after the confluence of Xijang River, Belang 
Riverand Suijang River, and has a total area of 827 square kilometers 
with @ population of about 620 thousand. On the one hand, itis the 
Hemonstration base for {dod safely in China and the only opulent 
longevity county: On'the other hand, itis also the largest wetland and 
“Gree Lung” in the urbah agglomeration of Pearl River delta. In 
2016, the GDP of Sanshui has reached 100.9 billion yuan, and the gross 
Valu of industrial output has exceeded 300 billion yuan. Therefore, it 
has hecome the fourth district stepping into the economy of county with 
‘ver 100 billion achievement in Foshan. The Camprehensive Index of 
Social and Economic Develonment in Sanshui ranks No,24 inthe “Top 
400 Counties in China” , and ranks No. 10 in the “Top 100 Most 
Potential Small and Medium-Sized. Cities for Investment in China” 
With a favorable investment environment, Sanshui ranked No. 4 in 
“World Expo City Star—the 2010 Top 100 Most Potential Counties 
(Districts) for Investment in China” 


Ss 


* 


The advantage of location 


occupies the commanding heights of economy. 


Sanshui, located in the core zone called “advanced manufacturing 
base” in the Pearl River Delta, is the junction of Guangzhou-Fos~ 
han-Zhaoging economic circle. With the geographic advantages, it has 
been the vital region since ancient times, where leads Guangzhou to 
Southwest China and Southeast Asia, Nowadays, far the convergence 
Of capital and logistics in all directions, it even possesses multi~dimen— 
sional transportation network, of which rallway, highway, shipping and air 
transportation radiate in all directions. 

The distance from Sanshui to Hong Kong is 230 kilometers, to Macau is 
190 kilometers, to the capital of Guangdong—Guangzhou is only 35, 
kilometers, and ta the center of Foshan is 30 kilomelers. Besides, takes 
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Vying with numerous rivals in a 
changeable environment 


Its inevitable for nature to nurture all fving things on the earth. in an 
Unpredictable environment, one has to vie with numerous rivals for 
development. Gone through the baptism of 500 years,, Sanshui has 
developed from “Country of Mraculous Water in China” to “City of 
Food and Beverage in China’, from “Advanced Agricyltural County” 
to "Modern Industrial Zone" , from “Top 100 county” to “Top 100 
Most Potential Counties (Districts) for Investment” etc. Sanshu, has 
been standing in the forefront of reform and opening up in China, of 
which the huge drivin power has promoted the development ofthe cy 
constantly 

Standing on the Sikianjiao Waterway, overlooking the magnificent 
scenery of three rivers converaing, and looking up and down the world, 
we could find that Sanshui, as lime went by, in the integration and 
Collision of old tradition and modem civilization , has combined its 
historical sediment with the industrial new town to create the seven 
leading industries competitive worldwide, which are advanced 
equipment, food and beverage, automobile and components, new 
neray new material, electronic information, and modern service 
industry. 
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no more than two hours to every big city in the Pearl River Delta, such 
as, Shenzhen, Dongguan, Zhuhai, Zhongshan and s0 on, Locatedin the 
“Guangzhou-Fashan One Hour Economic and Living Circle” , itis the 
culting-edge deeply affected by Hong Kong, Macau, Taiwan, ‘and the 
ore area inthe Peal River Delta, 
From 2012 to 2015, Sanshui has attracted more than 350 projects, 
Which have introduced 0 bilion yuan of investment. Moreover, with 
Salisfactory development slatus, It has become the new engine for 
economic growth in Foshan. Ai present, there are about $0 goobal 
(China) Top 500 enterprises in the disci, Incuding ABinbev, Heine, 
Red Bull, Coca Cola, Haier, Foton and s0 oh 
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About Chancheng 


Foshan, with Guangzhou to the east and Hong Kong and Macau to the south, is strategically located at the core of the Guangzhou-Fos- 
han Metropolis Circle and the Pearl River Delta. The overall competitiveness of Foshan stays at the head of other municipal cities and 
ranked top 12th on the national level.Chancheng District is the central district of Foshan city, It is also the center of politics, finance, 
culture, transportation, and information of Foshan, with an area of 154,68 square kilometers and a population of 1.12 million. The GDP 
output of Chancheng in 2015 is RMB146.9 billion, with the GDP per capita more than RMB130 thousand, 


ADVERTISEMENT 


A Well-known Cultural City and Transportation Hub 


With a long history and profound culture, Chancheng was recognized as one of the "Four Reputed Towns" in the Song Dynasty and 

was crowned as one of the "Four Largest Clusters” in the Ming and Qing Dynasty, Chancheng is a national historical city, with a series 

of titles and reputations including hometown of martial arts, hometown of Canton opera and hometown of ceramics,and a significant 

cradle of Cantonese cuisine and Chinese patent medicine.What’ s more, it is one of the Top 10 Happiest Cities in China, and awarded 

the title of Excellent Model City in Human Settlement by United Nations. 

Asa transportation hub with developed logistics network, it’ s only about half hour to the core city in Southern China Guangzhou, one 

hour to cities in the Pearl River Delta like Shenzhen, Zhuhai, and Zhongshan, and two hours to Hong Keng and Macau. In the mean- 

while, Foshan Airport has inaugurated some flights to large and medium-sized cities like Beijing, Shanghai, Hangzhou, and Changzhou, 
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Converging Industries and 
Creating a New Level of Innovation and Technology 


Made in Foshan is known to the world. Also, Foshan is the most potential city for investment with its total industrial output value 
ranking in the top 10 in China, Meanwhile the comprehensive strength of Chancheng ranks No.21 in China in 2014. Chancheng possess- 
es a solid foundation of traditional industries, such as ceramic, knitwear, stainless steel, seasoning and so on. In addition, new industries 
like TT, intelligent manufacturing, big health, environmental protection and energy saving are growing rapidly. Moreover, high-end 
service industries like culture and creativity, science technology and finance, commercial logistics are developing prosperously. 
Supporting by powerful industrial strength and excellent urban quality, Chancheng creates a one-door administrative service with 
wisdom elaborately, dedicates to develop the cluster for international industries in Southern China, and builds the manufacturing 
center, service centers for international culture, tourism and business. 
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DOES YOUR LAB SEEK TO 
UNDERSTAND MECHANISMS 
OF DRUG RESISTANCE 
OR DISEASE PAFHOLOGY? 
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e journal and submit your research today! 
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Eppendorf Consumables - 
it’s your sample 


Proven Eppendorf quality brought to _ Find more information about our 
anew level. Premium in all aspects: outstanding quality as a result of 
Product, Performance and Packaging experience and constant development | 
according to highest Eppendorf on www.eppendorf.com/cce 
standards. ae | ae 
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MERCK’S 
POSTDOCTORAL RESEARCH 
FELLOW PROGRAM 


Connect with us on 
Facebook, Twitter 
and Linkedin, 
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Postdoctoral Research 
Fellow Program 


For more than a century, a special passion has driven us at Merck.’ Our goal is to discover 
and develop medicines, vaccines and animal health innovations that will help improve the 
lives of millions. Still, we know that there is much more to be done. And we're doing it, 
with a long-standing commitment to research and development. 


Developing Talent, Harnessing Innovation, Building for the Future 


Our Postdoctoral Research Fellow Program builds on our legacy of scientific excellence 
and innovation. 


If you join us, you'll be a part of a team of motivated scientists working to discover and 
develop medicines and vaccines that help meet the world’s unmet medical needs. 

You will work alongside outstanding researchers and collaborators as part of Merck's 
industry-leading research and development organization. Our postdocs: 


+ Work in unique laboratory environments with top capabilities, equipment, 
expertise and knowledge 

+ Obtain experience in drug discovery and development 

+ Generate innovative science resulting in high-quality external publications 

+ Participate in seminars, lectures and meetings, and have the opportunity 
to interact with the local scientific community 

+ Become positioned for choice careers in pharma, biotechnology or academia 


As a postdoc, you will receive a competitive salary and access to the full benefits 
programs offered by Merck. 


At Merck, our passion is improving health. This is what keeps us at the forefront of 
scientific discovery and innovation. We invite you to apply. 


To learn more about the Merck Research Laboratories (MRL) Postdoctoral 
Research Fellow Program, visit www.merck.com/research/fellow/home.html. 


To apply for a position, visit www.merck.com/careers. cx 


“Merck & Co, In, Kenilworth, Nd, USA, js knawn as MSD outside the United States and Canada 


125 


YEARS 


life science 


EXPERT 


and e-commerce leader 


The life science leaders of 

EMD Millipore Sigma-Aldrich 
have joined together and, with our 
agile e-commerce and global distribution, 
we can help to simplify your world. 

So you can focus with confidence on 
tackling life science’s biggest challenges. 


MilliporeSigma now offers: 

* An extended global network across more than 66 countries 
* A world-class e-commerce platform to simplify transactions 
* A vast portfolio that has grown to over 300,000 products 


Our combined strengths will deliver the knowledge, 
know-how, and best-in-class resources. 


(=) ie-=\ milliporesigma.com 


The life science business of Merck KGaA, Darmstadt, Germany 


operates as MilliporeSigma in the U.S. and Canada. PAILLIPORE 
sigma 


EMD Millpare, MiliporeSigma and the vibrant M are trademarks of Merck KGaA, Darmstadt, Germany and Its afillates 
‘Sigma-Aldrich is a trademark of Sigma-Aldrich Co, LLC and its affiliates. 
Copyright © 2016 EMD Milipore Corporation. all Rights 
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For full advertising details, goto 
ScienceCareers.arg and click 
Far Employers, or call one of 
ur representatives, 


‘Tracy Holmes, 
Worldwide Associate Director 
Science Careers 
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/ SCHOOL MEDICINE 
CASE WESTERN RESERVE 


UNIVERSITY 
Tenure Track Faculty Position 
Department of Physiology and Biophysics 


The Department of Physiology and Biophysics at Case Westem Reserve University School of Medicine 
seeks a faculty member at the rank of Assistant, Associate or Full Professor engaged in kidney research, 
Applicants must have a Ph.D., M.D. or equivalent degree, and demonstrated academic excellence appropriate 
forcareer stage. Individuals seeking appointment atthe Assistant Professor level must have atleast 3 years of 
postdoctoral experience, a strong record of scholarly activity and evidence of academic potential, Candidates 
for Associate Professor should havea considerable publication record, evidence ofan international reputation 
and a demonstrated ability to renew funding. For appointment at the Professor level substantial evidence 
of leadership inthe applicant's academic field, outstanding productivity and a sustained funding history are 
required. Rank will be commensurate with experience. 


The suecessfil applicant will be expected to develop and/or continue a robust extramutally-funded research 
program that compliments current programs within the Department. All areas will be considered; however, 
areas of particular interest are: (1) mechanisms of ion/water transport; (2) regulation of transport; and (3) 
renal control of blood pressure, 


The Department of Physiology and Biophysics includes 18 primary and 32 secondary faculty members. The 
Department has a strong record of renal research, 


Interested candidates should send an eleetronie application that includes a caver letter, complete curriculum 
vitae including funding history, a one-page summary of research interests and the names and contact 
information for three references to: RenalSearch(@case.edu. Review of applications will begin November 
1, 2016, 


In employment, as in education, Case Western Reserve University is committed to Equal Opportunity and 
Diversity. Women, veterans, members of underrepresented minority groups, and individuals with disabilities 
‘are encouraged to apply 


Case Western Reserve University provides reasonable accommodations to applicants with disabilities. 
Applicants requiring a reasonable accommodation for any part of the application and hiring process should 
contact the Office of Inclusion, Diversity and Equal Opportunity at 216-368-8877 10 request a reasonable 
‘accommodation, Determinations as to granting reasonable accommodations for any applicant will be made 
‘on a case-by-case basis. 


SCHOOL OF MEDICINE 
CASE WESTERN RESERV! 


UNTVERSTTY 


Tenure Track Faculty Position 
Department of Physiology and Biophysics 


‘The Department of Physiology and Biophysics at Case Wester Reserve University School of Medicine 
seeks a faculty member at the rank of Assistant, Associate or Full Professor engaged in any area of cardiac 
research. Applicants must have a Ph.D., M.D. or equivalent degree and demonstrated academic excellence 
appropriate for career stage. Individuals seeking appointment at the Assistant Professor level must have 
atleast 3 years of postdoctoral experience, a strong record of scholarly activity and evidence of academic 
potential are required. Candidates for Associate Professor should have a considerable publication record, 
evidence of an international reputation and a demonstrated ability to renew funding. For appointment 
at the Professor level substantial evidence of leadership in the applicant's academic field, outstanding 
productivity and a sustained funding history are required, Rank will be commensurate with experience. 


The successful applicant will be expected to develop or continue a robust extramurally-funded research 
program that compliments current strengths within the Department. Any area of cardiac biology will 
be considered, however, we particularly encourage applicants with expertise in the areas of cellular 
and molecular mechanisms of cardiac muscle contraction, genetics of cardiovascular disease, cardiac 
electrophysiology and arthythmias, cardiac regeneration and heart failure. 


Interested candidates should send an electronic application that includes a cover letter, complete curriculum 
vitae, a two-page Summary of current and future research plans, and the names and contact information 
for four references to: CardiacSearch@ecase.edu. Review of applications will begin November 1, 2016. 


In employment, as in education, Case Western Reserve University is committed to Equal Opportunity 
and Diversity. Women, veterans, members of underrepresented minority groups, and individuals with 
disabilities are encouraged to apply 


Case Western Reserve University provides reasonable accommodations ta applicants with disabilities 
Applicants requiring a reasonable accommodation for any part of the application and hiring process 
should contact the Office of Inclusion, Diversity and Equal Opportunity at 216-368-8877 to request a 
reasonable accommodation. Determinations as o granting reasonable accommodations for any applicant 
will he made on a case-by-case basis 


GAIN THE STRENGTH OF A 
MARKET LEADER — AND THE 


Are you a leader in proteostasis? 


AbbVie has made a commitment to finding new therapies for 
Alzheimer’s Disease and other neurodegenerative diseases by opening 
the Foundational Neuroscience Center (FNC) in Cambridge, Boston. 


We seek a proteostasis expert to lead a team of 10 scientists. Asa 
member of the FNC leadership team, the ideal candidate will have 
a strong publication record with a vibrant international network. 
Prior experience in biotech is advantageous — a desire to see novel 
discoveries translate into patient benefit is essential. 


We seek scientists at all levels for research groups investigating 
neuroinflammation and tau pathobiology. 
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California State Polytechnic University, Pomona Advance: 
Biological Sciences Department 
your career 
TENURE-TRACK FACULTY POSITION with expert 
lad POPULATION GENETICIST adie trom 
‘The Biological Sciences Department at California State Polytechnic University, Pomona (Cal Paly Science 
Pomona) invites applications fora tenure-track, ASSISTANT PROFESSOR position in Population Careers. 


Genetics, beginning September 2017. The area of specialty is open, but candidates who study 
vertebrates, in such aspects as conservation of wild populations, evaluation of endangered species, 
and impact of invasive species, are encouraged to apply. Utilization of next generation data analysis 
and/or quantitative genetics is desirable, A Ph.D. in biology or a related field is required. Post-doctoral 
experience and previous teaching experience are preferred, The successful candidate will have the 
potential for excellence in undergraduate teaching, and for developing an externally-funded research 
program that will involve undergraduate and Master's students, Teaching responsibilities will include 
Population Genetics, and specialty courses in the candidate's area of expertise. Ability to teach a 
‘course in mammalogy is preferred. Teaching responsibilities may also include introductory biology, 
genetics, evolution, bioinformatics, and/or biostatistics. Cal Poly Pomona is a comprehensive Master's 
university with a diverse student body. The successful candidate will be expected to contribute to 
the diversity and excellence of the academic community through research, teaching and/or service, 
and be committed to teaching and working in a multicultural environment. 


cience Careers 


Applicants should forward: (1) a cover letter that briefly describes the candidate's training, experience, 
and teaching and research interests; (2) curriculum vitae; (3) statement of teaching philosophy that 
includes a statement regarding how your teaching or other experiences, successes, and challenges will 
impact the success of a diverse student population; (4) proposed plan of research; (5) representative 
Publication reprints; and (6) the names and contact information of five references to: Chair, 
Population-Geneticist Search Committee, Biological Sciences Department, California State 
Polytechnic University, 3801 West Temple Avenue, Pomona, CA 91768. Electronic submission 
of application materials as a single PDF file is preferred (popgen_search@epp.edu). Review of 
applications begins on November 28, 2016. Official transcripts and three letters of reference will 
be required of all semifinalists. For further information, visit the Department web site at: http:// 
www.cpp.edu/~biology 


ScienceCareers.org/booklets 
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California State Polytechnic University, Pomona is an Equal Opportunity 
Affirmative Action Employer 


a. 


UNIVERSITY OF MINNESOTA 
Driven to Discover 


UNIVERSITY of 


FLORIDA 


Faculty Position in Cardiovascular Immunology 


The Department of Integrative Biology and Physiology and the Center 
for Immunology at the University of Minnesota Medical School invite 
applications for a faculty position to be filled at the tenure-track Assistant 
Professor level. 


We seek an outstanding scientist who will establish a competitive 
cextramurally funded research program that focuses on the innate or adaptive 
immunology of cardiovascular function or disease. The position offers 
exceptional startup support, a dynamic intellectual environment, state 
of-the-art facilities, a competitive salary, and quality research space within 
the Center for Immunology (http:/www.immunology.umn.edu). Additional 
information about the Department of Integrative Biology and Physiology, 
affliated institutes and centers, and the graduate training program, can be 
ound at htips:/www-physiology.umn.edu and hitp:/www.micab.umn.edu, 


Minimum qualifications: Ph.D., M.D., or equivalent in a relevant field of 
study, plus applicable postdoctoral or faculty experience. To apply, please 
upload a curriculum vitae and concise summary of current and planned 
research in response to job number #301596, under ‘anytime’ at http:// 
www1.umn.edu/ohr/employment. Please also arrange to have 3 letters of 
recommendation sent to jotto@umu.edu or Cardiovascular Immunology 
Search Committee, Department of Integrative Biology and Physiology, 


6-125 Jackson Hall, 321 Church Street 
Review of applications will begin October 
position is filled. 


Minneapolis, MN 55455. 
016 and continue until the 


The University of Minnesota provides equal access to and opportunity 
in its programs, facilities, and employment without regard to race, 
color, creed, religion, national origin, gender, age, marital status, 
disability, publie assistance status, veteran status, sexual orientation, 
gender idemtity, or gender expression, To learn more about diversity at 
the U haip:(idiversity.umn.edu, 


The Foundation for The Gator Nation 
Department of Medicinal Chemistry 


‘The Department of Medicinal Chemistry, College of Pharmacy (http: 
pharmacy.ufl.edw/), University of Florida, invites applications for a 
tenure-track faculty position at the assistant or associate professor 
level. Candidates should have a record of a strong independent research 
program in drug discovery and development or demonstrate outstanding 
potential to build such a program. Faculty hires will also participate in 
professional and graduate instructional efforts of the college. Area of 
specialization within medicinal chemistry is open, but should complement 
the interests of the department and the Center for Natural Products, 
Drug Discovery and Development and agree with institutional strategies 
adopted by the University of Florida to foster interdisciplinary research in 
cancer, infectious diseases, neuroscience and diabetes. The department is 
located within the UF Health Science Center complex (hitp://www:health, 
ufl.edw/. This unique research environment offers excellent opportunities 
for synergistic collaborations. 


Applicants should submit a cover letter, CV with names and contact 
information of referees, and summary of research program through 
GatorJobs (https://jobs.ufl.edu/ and search postings for Requisition 
Number 493599). Junior candidates should additionally submit three 
letters of references to HR Deputy Chief Administrator Lila Robertson 
(irobertson@cop.ufl.edu). To ensure full consideration, materials should 
be submitted by October 15, 2016; however, applications will be reviewed 
‘on arolling basis. Materials received after this date may be considered at 
the discretion of the committee and/or hiring authority 


The University of Florida is an Equal Opportunity Institution and 
encourages applications from qualified minority and female applicants. 


FRANCIS CRICK INSTITUTE LONDON 
RESEARCH GROUP LEADER RECRUITMENT CRICK 


The Francis Crick Institute is a new discovery biomedical research institute in central London. We 
are core-funded by Cancer Research UK, the UK Medical Research Council, and the Wellcome Trust 
and partnered by Imperial College, King’s College and University College London. 


is diverse, open and international, with staff from over 70 nationalities. We support cre: 
itious research that addresses important biomedical questions. Our research program 
ages collaborative and multi-disciplinary approaches, encompassing biological, clinical a 
al sciences. For details visit https://www.crick.ac.uk/strategy/. 


Early Career Group Leaders in Biomedicine 


We are recruiting enthusiastic and motivated early career researchers who wish to set up their first 
independent research programme at the Crick. In addition to all areas of biomedicine, applicants 
proposing relevant programmes in areas such as bioengineering, ecology, evolution, microfabrication, 
and synthetic biology will be considered. We also welcome applications from those who wish to 
work on a flexible and/or part-time basis. 


Successful candidates will be offered a competitive salary with a 6-year contract, renewable once 
for a total of 12 years. The institute will provide fully equipped laboratory space and access to 
core-funded state-of-the-art technology facilities. Salaries and consumables for around five people, 
including graduate students, will be provided. Research groups will have the opportunity to expand 
further based on external grants. 


The Crick will provide mentoring and support to ensure its early career Group Leaders make the 
most of their time at the institute and develop a world-class research programme. Towards the end 
of the 12-year period we will support them to find leadership positions elsewhere, with potential 
for a transition start-up package for those remaining in the UK. 


Applications from candidates with a PhD and postdoctoral experience should be submitted online 
at: https://academicrecruitment.crick.ac.uk 

(Applicants will have to register for an account before submitting an application: complete CV; 
publications; current and proposed work; long term research vision; referee details) 


Informal enquiries about the institute or the application procedure can be made through 
Group-leader-recruitment@crick.ac.uk 


Closing date: midnight on 10th November 2016 
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Over the years, the terms “083” and “211” have always been synonymous with high-level Chinese universities. In the past decade 
after setting up Project 211 and Project 985, more than 110 universities supported by the two projects have achieved worldwide 


recognition. However, the quality and prestige of these universities vary considerably, and thousands of other Chinese universities 


“Without such support are still struggling to upgrade the quality af their teaching and reseacch 


Last year. the State Couneil of China released a document entitled, “the Scheme of Promnting the Construction of World-class 
Universities and First-class Disciplines.” Recently the Ministry of Education of China announced that Project 211 and Project 985 


have been incorporated into this scheme, making the “Double Tops” program an extension and upgrade of Project 211 and Project 
985. With the concept of “Top Discipline” being put forward, colleges and universities with @ nuraber of high quality disciplines will 


yhave a chance to he supported by the project to further build their advantage in these fields and promote their overall development. 


Several Chinese provinces, including Sichuan, Hunan, Hebei, and Shandong, have Isuuched their owa provincial plans for 
developing high-level universities. The list of selevied universities and diseip| 


ss has already heen released in Hebei, with detailed 
information about the general plan und schedule. To seize the opportunity, many universities in China are making strategic plans. At 


the core of these strategic plans is an effort o attrast and retain top talent. 


“Four Iconic Statuses and Achievements of a First-class Professor” 


Zhimin Li 
Director of Center for Science and Technology Development 
Ministry of Education, People’s Republic of China 


First-class professors and leading scholars will be the core of the “Double Tops” program. Over time, 
excellent scientists/scholars develop into first-class scientific researchers who possess a solid foundation 
of professional knowledge, keen inspiration and imagination, strong analytical ability, and excellent 

ay communication skills. first-class professor should have been recognized by the international academic 
community in hisiher Geld of research, such as being invited to deliver keynote talks at academic 

conferences; serving as an editorial board member, an cditor-in-chief, or an editorial board director for a high impact journal: 
holding the post of chuirman or director of en intemational academic organization; or being the principle investigator behind an 

Intemational science and technology award, Dr, Li stresses that first-rate teaching and rescacch rely on teams of topnotch scholars. 

Building @ pool of talented scientists and encouraging independent innovation are key goals within the current talent development 

policy. 


Advertising Feature 


As Dr, Zhimin Li points out, mastor professors are at the core of the construction of a world-class university and first-class 
disciplines, and are the foundation of knowledge and the hub of ereative ideas, High-level overseas talent bring a global perspective, 
‘creativity to “think outside the box” and exceptional networking advantages. They play a critical role in developing a faculty team, 
upgrading the level of scientific research, cultivating the best and most innovative talent, and promoting international exchange and 
<collaboration—they ate the indispensable force behind the construction of “Double Lops”. In the post Projeet 985 ond Project 211 
‘era, the consensus of the presidents of Chinese universities is that “gain talent, guin the world.” 


Eastern China 


Universities in the east of Chine continue enjoying 
their regional advantage in attracting talents. Eastern 
China is the most dynamic economic region, and 
Universities in this region are also the most active in 
talent recruitment, a major focus of "Double Tops 


Guangjun Zhang 


President of Southeast 
University 


The national “Double Taps” 
strategie plan in China provides an 
opportunity as well ws a challenge 

® for our university to greatly raise 

of capabilities in innovations, ia 

fostering first-rate talents, in yiolding first-rate achievements 
in all research fields, at the same time to make it e first-rate 
university in the world, Tho Southeast University will 
continue the principles of “aiming at the foremost 
developments, following the strategy, depending on bot’: 
bodies of teachers and students, placing priorities on the 

‘outstanding people”, maintain the theme of strengthening the 

status of the university by using eapable people,so cur goal of 

making the Southeast University a first rate university in tac 

‘world will be achieved soon. 


Lianxiang Ma 

President of Qingdao 
University of Science and 
Technology 

At QUST, iachers teach and 
researc in the [ree academic aimo= 
sphere; studenisacquire knowledge 
anh develop themselves in the rich 
eaming environment. Qingdao 
University of Science and Technology is siding on the way of 
sealizing the Dream of Feological University. 


Zhaohui Wu 


President of Zhejiang 
University 


“Double Tops” is an ambitious plan 
to rejuvenate Chinese higher edu- 
cation and build world leading 
universities. Focusing on this plan 
and attracting world-renowned 
talents, Zhejiang University strives to develop a world-class 
comprehensive innovative research unive 


Chuangbing Zhou 


President of Nanchang 
University 


Higher education works as the 
junction of the first productivity of 
science and technology, the first 


initiative of innovation and the 


first resource of talents. With the 
leadership of Jiangxi’ s highet education, Nanchang University 
is exploring earnestly the way to high-level university by 
implementing talent programs. It commits itself 
wholeheartedly to the employment of talents without 
overstressing qualifications, It is our strong hope that talents, 
from all over the world ean join us in the development of 
Nanchang University, 


Beijiu Cheng 


President of Anhut 
Agricultural University 


‘he construction of “Double Tops” 
is the crucial amd necessary choice 
for the development of Chinese 
universities. Tis also the basie and 
intrinsic requirement (o help Chin- 
260 universities 10 march on the foreffont of world stage of 
higher education. Adhering to its development orientation, 
Anhui Agricultural University will seize the opportunity to 
develop top-level discipline by reform and innovation, sticking 
to the strategy of developing comparative advantages in a 
umber of disciplines, and continuously ereating new prospects 
of development path, 
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Southern China 


In August this year, a group of famous universities, 
including Peking University and Tsinghua University, 
set up branch campuses in Shenzhen, which has 
brought about heated public discussion. There are a 
number of cities similar to Shenzhen in Southern 
China that have great grovith potential and will surely 
become critical players in the "Double Tops” orogram. 
‘The presidents of universities in Souther China are 
offering an olive branch to overseas talent. 


Xiaohong Li 
President of Wuhan 
University 


Wuhan University is a venerable 
institution devoted to fully supp- 
orting talents with top pricrity in 
the new and critical chapter of 
“Double Tops” strategy in Chinese 
higher edueotion, We sincerely invite your partnership in 
pursuit of excellence at our university where remarkable talents 
are highly valued and appreciaied 


Jun Hu 


President of Jinan University 


Currently, our school GNT) in 
various disciplines such as life 
sciences, medicine, chemical. phar- 
maceutical, environmental science 
and information science are in a 
leading position in the region, We sincerely invite you to join us 
and for your dedication to providing quality research 
cavironment and ficility. Let us work together to create a better 
fume. 


Jianbao Li 
President of Hainan 
University 


Hainan University (HNU) is 
committed to strengthening the 
academic influence of the faculty 
and the social competitiveness of 
the students so as to further 
contribute o the implementation of the national strategy for the 
‘Scuth China Sea and the local sosio-economie development. 


Western China 

In the past, less prosperity and lower salaries for 
faculty members in Western China compared to other 
regions were critical factors that added to the brain 
drain, Now, universities in the region are streng- 
thening their offerings with support from the Ministry 
of Education, which is encouraging the movement of 
talent from east to west under the national frame- 
work of the "One Belt, One Road” strategy. These 
policies bring unique opportunities for the 
development of universities in the region 


Xuhong Zhou 
President of Chongqing 
University 


Chonzgiag University warmly inv- 
ites global talents to broaden the 
development prospest in Chong~ 
ing, a national Central City with 
the fastest GDP growth in 2015 in 
China, and to join Chongqing University to conduct rigorous 
research, cultivate talents, enlighten masses, guide the 
revitalization of the society. 


Jinhui Peng 

President of Kunming 
University of Science and 
Technology 

‘The “Double Tops” is a major mali= 
onal sizatezy to shape China into a 
higher education giant. Kunming 
University of Science and Techno- 
Jogy will ake this greal Opportunity 
to develop toward an internationally recognized and nationally 
firsterate research-oriented university with distinetive 
characteristics, where studenis will be able to shine on eampus 
ane in their Future career. 


Han Lei 
President of Chongqing 
Medical University 


As the base of HOME Program” of 
CAST and Chongqing's innovation 
and entrepreneurial base for high- 
level overseas talentsy Chongqing 
Matical University! committed to 
accumulating frst-clist academic talents «ind building high- 
level medical university. 


Advertising Feature 


Northern China 


Compared with other Chinese universities, universities 
in Beijing have the geographic and environmental 
advantage for attracting and retaining talent. The 
Universities in the Northeast region will keep pace with 
the plan of “Overall Revitalization of Northeast China” 
and will be ready to unleash the power of talent 
development teams. With the guidance of the 
“Coordinated Development of Beljing-Tianjin-Hebei 
Region” document, the integration of education in 
these regions has been progressing rapidly 
Coordinated development of the Bejjing-Tianjin-Hebel 
region cannot work without the support of talant. The 
presidents of universities in northern China are putting 
in place plans for recruiting talent. 


Haiyan Hu 


President of Beijing Institute 
of Technology 


‘To cherish talents has always been 
the deeply-rooted creed and the 
fountainhead of Reijing Tnstimte of 
‘Teehnology (BIT) . The faculty of 

, high quality, endowing aut resil- 
ience for core competitiveness and sustainable development, is 
the major drive for BIT to become a foremost university of 
jence und (echnology in the world. Over the pust decade, BIT 
hhas fully addressed the strategy of “Creating an elite feculty for 
the university's prosperity”. A fitculty system forging 
interdiseiplinary platforms, especially for young excellent 
juniors has been constantly propelled and pursued with grest 
efforts with a vision for both the present amd the future 
generations, 


Huibin Xu 


President of Beihang 
University 


‘The “Double Tops” pln is the 
guideline for the reform and 
development of China” s higher 
education and will remain its 
priority for a certain period: 
Serving the national strategie needs while exploring the 
international academic frontiers as an organi¢ unity, 
persistently, Beihang University (BUAA) will accelerate tho 
development of the world-class university rooted in China 


Yu Zhou 


President of Harbin Institute of 
Technology 


The spirit of the “Double Tops” 

philosophy cannot survive without 

«a support of the first-class scholars? 

gk teams, A large number of the first 

class scholars will spring up in this 

process. Our door is going to stay open to world leading 

scholars who can lead the academic frontiers. At the same 

time, our attention is alsa given to young scholars who have 

bigger dreams. We provide world level career stage, 

continuing resources input and adequate trust to support 

talents to achieve academic goals and at the same time to 

contribute to the goals of the "Double Tops” philosophy of 
HIT. 


Bin Ning 
President of Beijing Jiaotong 
University 


Building "Double Tops" has 
provided Beijing Tiaotong 
Triversity a rare opportunity for 


its development, Building 3 

world-class university with 
world-claséidisciplines camot be achieved without first-class 
teaching staff, top-ranking discipline leaders and first-rate 
innovative leans: Beijing Jiuolong University warmly invites 
talents ftom all over the world to join us and create a promising 
future together. 


‘Yu Yao 
President of Harbin 
Engineering University 


‘To aster a distinguished university 
With the highest aeademie disei- 
pline is the key strategie policy the 
(Chinese government is promoting 
to reform higher education. HEU 
‘will create four high-ranking academic discipline groups and 
‘propel their systematical construction and distinctive running 
‘hatacteristies in the fields of ship industry, ocean equipment 
and exploration, and nuclear application. HEU will also 
collaborate with distinctive experts and scholars trom both 
home and sbrosd to cooperatively build up this high-ranking 
research-oriented university with distinctive chatacteristies, 


ciencecareers.org 


e @s 


onlin 


ence Careers 


Advertising Feature 


Chuanping Yang 
President of Northeast 
Forestry University 


‘The Northeast Forestry University 
is aiming to build the World-class 
forestry university, and making 
‘great effort to construct currently 3 
state key disciplines as Forestry, 
Forestry Engingering smd Reology into) Firskclass disciplines. 
‘We warmly welcome all top talents in these fields to join usyaad 
believe that you will not be disappointed ia my university. 


Fuping Lu 

Vice-President of Tianjin 
University of Science and 
Technology 

‘The launching ef Double First-class 
Universities (DFU) would chenge 
{He unfairand deep-rooted univer 
sity status caused by the 2] and 
985 project, Teading in a new path 
for self-development and adjustments for all Chinese 
universities. Tianjin University of Science and Technology. a 
typical municipal-run institute, will seize the opportunity of 
DEU, highlight its premium disciplines and strive for 
excellence. 


Qingxin Yang 
President of Tianjin 
Polytechnic University 

‘As a higher education institution 
‘with a history: of more than 100 
‘years and significant chara. 
Ctetisties, TIPU is striving to ach- 
eve {ts goal of a comprehensive 
university with the world-class textile diseipline. In that sense, 
outstanding academis human resources are the important 
riving force for the goal realization und sustainable 
development of LPL, renowned researchers and professors in 
‘relevant fields are welcome to joining us, and we will work 
together o achieve common academic dreams, 


Tiemao Shi 
President of Shenyang 
Jianzhu Universi 


‘The development of “Double 
‘Tops” needs to gather first 
faculty team, Shenyang Fianzhu 
University has been making great 
efforts to attract domestic and 


overseas outstanding talents. At the same time, it also 
strengthens the self-development and internationalization of 
the faculty team, He has emphasized the supportive and 
guiding role of the high-level talents to the academic 
development, and will strive to build an industry-leading 
innovative architecture university with distinctive 
characteristics. 


It can be predicted that along with the advancement of “Double Tops” program, top overseas 
researchers will find a stage in China on which they can fully realize their academic dreams-this is the 


best time to join! 


To help China! s top-ranked universities attract high-level talent from overseas, CERNET has partnered 


with Sci 


nce to launch a print and online media campaign. Many of China’ s top universities are 


tecognized as world-class and are doing first-class research but the aim is to build on this and 
establish worldwide acclaim for all of China's top universities in both institute and discipline rankings. 


Researchers, interested in working in China, are invited to consider applying for jobs published in the 


following special section "Opportunities in China’ and online at http://jobs,sciencecareeres.org/_ 


Further information can also be located at www.edu.cn/syl 


Faculty Positions 
At Harbin Institute of Technology, China 


Positions: Harbin Institute of Technology (HIT) invites applications for 
tenure-track or tenured faculty positions at the ranks of Assistant, 
Associate, and Full Professor ‘in the fields of Engineering, Materials 
Science, Information, Mathematics, Physics, Chemistry, Life Sciences, 
Economics and Management, Art, Social Sciences’ etc. Successful 
candidates will be committed io excellence in supervising students and 
teaching at both undergraduate and graduate levels, The successfull 
candidates will have opportunity to work in Harbin, Weihai or Shenzhen 
campuses. Senior faculty are expected to establish and lead a research 
team and guide development of selected research subjects. The junior 
faculty will be encouraged to join an interdisciplinary team, undertaking 
nationally significant research’ projects. It is expected the junior faculty to 
develop an independent research program, becoming leading scholars in 
their filed. 


What we offer: We offer internationally competitive salaries, turnover 
apartment and settling-in allowance which would be sufficient to afford a 
commodity flat near the Harbin or Weihai HIT campuses. We provide an 
ample start-up funding and other necessary resources to ensure the 
successful candidates to keep their mind unhindered, and focus on 
teaching and research works. Qualified candidates for the “Thousand 
Talent Program” or any other governmental talent programs will receive 
additional support. In Shenzhen campus, qualified candidates will have 
the opportunity to apply for the start-up fimiing (ranging from 2,00, 000 
RMB to 5,000,000 RMB) and living allowance (from 1,600,000 RMB to 
000,000 RMB respectively) from Shenzhen municipal government. 
esides these benefits, HIT’ offers a number of world class research 
initiatives, such as the “Major National Science and Technology 
Infrastructure” program, the “Collaborative Innovation Center” (the “2011 
plan”), etc. These programs will offer a strong support and will enable a 
superiority for the scholars in different fields to display their talents and 
fulfill their ambitions. 


Requirements: Each candidate must have a PhD degree and should 
have credentials to qualify for a tenure-track or tenured faculty position at 
the Harbin Institute of Technology. All candidates are expected to propose 
a research plan and to state academic goals. The ability to fulfill the 
established goals must be manifested 


How to Apply: Applicants should submit electronic copies of the 
following documents to talents@hitedu.cn. (1)The curriculum vitae, 
including list of publications; (2)Teaching statement, including teaching 
interests, experiences and a describing of teaching approach and 
philosophy; (3)Future research plan, including research interests, 
expected research accomplishments and goals; (4)The set of copies of 
three representative publications; (5) Three reference letters, including the 
names and contact information of references. For complete details about 
this job posting please visit: www.hit.edu.cn. 


HARBIN sINSEIMGTEC rEg 


International Young Scholar foru 


During December 24-25, 2016, HIT will 
organize the International Young Scholar 
Forum. At that occasion, international, 
outstanding young talents indifferent 
areas will be invited to come to Harbin to 
exchange experiences and ideas. Travel 
and accommodation costs will be covered 
by the forum. HIT warmly welcomes 
applicants to visit Harbin during the 
forum. The applicants should visit the HIT 
website at: http://talents.edu.cn to register 
and view more details about the forum 


About Us: 


Harbin Institute of Technology was 
founded in 1920. From its beginning, HIT 
has received preferential support from the 
central government. After nearly 100 
years of existence, we have developed into 
renowned multi-disciplinary university 
with science, engineering and research as 
its core. HIT ranks among the top 7 in US 
NEWS Best Global Universities for 
Engineering 2016. Eight disciplines, such 
as engineering and materials are in the top 
1% or the top 1%o of ESI. Especially in the 
field of aerospace, HIT has established an 
irreplaceable position in China's 
aerospace industrial development. Now, 
we are converging talents from all around 
the world, and striving to achieve our 
main goal, HIT to continue to be a world 
class university. 


Ge AR zEXE 
Contact Information: 
Add: 92 West Dazhi Street , Nan Gang 
District, Harbin Post Code: 150001 
Mr. Wang, Miss. Zhang 
-86418762 
Email: talents@hit.edu.cn 
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“JINAN DOUBLE HUNDRED TALENTS PLAN” 


Recruiting Members (Candidates) 


Of the “Thousand Young Talents Program” 


About Jinan University 


1 University is ove of Chins's “One Hundred Key Universes of aust 
Century (ihe “a4 Prejet) and is operated under te leslecsh othe Overseas 
(Chinsse Aire Ofc of State Connell. As the Gist anivorsty ctablshad by the 
Stale for overseas Chine studoat, JNU currently he Hn lrgta ouuber of ver- 
seus and foreign students and is honored as the “top university for oversens Chi- 
rene". Abidng by the moto of “eats. steeny, snegnity aed respect, he ners 
{scomuttd to caltwatng talents ith the excellent tradiioen Chest morales and 
altace. {a Jane 2013, JNU was aleted into te “High level University Cooststion 
frost” by Cumedous oes ine 2overanct "the Uaiers has 27 eoleges, cou 
[Praag be cepnrtnents, 8 reser institons, Py borers adler 8 
Secgrchnie jor, 289 raster dogro programe i 38 Levl-L aad Lav It dsc 
ines well a 74 doctoral degree progr i 45 Levelt ad 4 Lave apie. 
Tesces, weave 4 national key dseplites (ints enonomes, aque bles, 
sane andlterary thors) , Shey diueiplinos at thlova ofthe OvervasChiaoee Aas 
Ofer f ths State Couns, 20 provincial Lovet Key dail, aa 4 proiased 
Level They ésiplnes The University ns the foloyingtechingand research bases a 
lessen aase of tonal innit esol scenes, ean creenteh base for 
(Cnese hnguage ke ltoranuve ofthe Education Minty, a bas for national urversity 
care cual eduetion «atonal hse fr tooching Chins aa Zsa Tange a8 
elucational Lave for eversens Chinese education o te Overseas Chinese Allairs Office 
‘fthe State Connsiand hay reece huss of hansiy sail sees of Goangfong 
Frorines Itasobas ooenatonalengieeningceatr, 14 ministers] sad pemiae ong 
Seeing eaters nad geyser and provincial lbraees 

“Toschieve the goa! ofbusling a ugh-evel univers, JNU coats to tapletent the 
_Stntegy of strengthening immersing yoth mor alte! pon wonder ty grethy 
baie vcore sounpoiivones ule aad austinable developusol esau and 
farther strengthon te supper forts inlodction ed tang of onsen pesos 
td. For this purpose, the univesity s now retain sabes or candidates af the 
“phteel Cuersens Young Telents Progra” (efred 1 asthe Thousand Young Talk 
conte Program) om hiner 


: Dixepnnesopertorrecrnitn 


Optical engineering, information and communication engineering, electronissoienoe 
sl torknolag,scieace of Chinese pharmacclogy, phariancy, bole, biomedical eng 
esing eclog),cuvironmental seienecaudengiaeering, basic mecice, nial aed 
‘ane, integrvion of tradional Chinese end westem medina, tadonal Chmese 
foam, ocel meticine, public beats and preventive medicine, nursing, msebories, 
cyberspace security, compater scence and technology, software cagircering, mally 
fematics chemitry, matecials stience and engineering, ood selene std engineeslag 
nd plysis 


eS Baie Requirements 


4, Momers of the “Thousond Young Talents Progeer. 

2, Camidetes ofthe “Thousand Young Talents Progra” (candidates ofthe discipline of 

franc=nos included), Appltesnts showed meet the fliewing requirements 

(1) Apnkoants shold canseinialyarthere to Chin's Ine and negalatons, and hace 

wooTucaewi elie, 

(@) Aplus whose esearch Delds ae in uatural scenes engineering technology 

shone ander 40 years old (up to June, 2016, thosamebelow); 

(6) Applicaaisehonld have acquired a doctoral degroe, end heve over thos yeas! aver 
I and working expcricacs (not ecladag working experience abrond with 

employe relations resid China), Apuhennis who recenedtaeesoral degree 

(China shoald not exesed the age limit of 40, Appteante who hevo resived a dectoral 

ge sroai ey be waived rom the age lant of 40 hey hago outstanding research 

periceaianee aa athe great achievements In such cases, a woiver lets with explana 

‘hon and proofs rena 

G4) Apptionnts don havea parmanent teaching oF esse pition in ovensbas 

oieorch inctitutione aid onterprieesofhigh prestige. 

G5} Geweclly, applicants should woe have all-time psition in China the tine ofap- 

shonion However, sfapplicants are aleady olin» postion tn Clann, s should be 

fess tha one year tho they returned from abroad, 

(6) Ayplionnts should work fulltime’ China once emplayed 

(©) Applants should Le the top performers among the peers us the sau research 

feld an hn potentinl to become the leading parson of thet ol 


ih At 


JINAN UNIVERSITY 


“ PacaeeossaneBaene 


INU will provide reoruited monibers nad candidates of “Thousund Young Talents Poo- 
sau” wil a competitive pclae of salary and benefits uased on the jb position. 

4. For members of “Thousand Young’Telents Program’ 

(4) Salary: nose than ¥ 500,u0 peryear(oee-tx), 
'2\Suppoming funds for researeh: ¥1,000,000-2,000,000. 
(9) owsing/ecting allownape: 10st than ¥9,000,000(pre-tay), 

(4)Recruited meabers will be direetlyauploved asa senior professional, 
(6)Recmaited mersbersyall hay the ont toreenat PhD stvlents,post-dectorsand 
reeearch aesctants, 

(6) The university vl provide emieans assistance in their children's entry into Kin- 
dongarien, primary school md nid sohecl in Conmgehow 

(7) Members will ey the une-son servis for high-level talents 

(1) The university wil sve priority oselve theob transer of sponse of members 

(9) Exch new recruit sentitle toa ctral Sasace sus of¥ 500,000and reseacch 
fund ranging from ¥2,000,0110 ¥ 3,086,009, wich, once ratified, wil be allocated 
ancardng to sehodula The Guongsang peoxinsa! Sanco wil alan grant tho ret a 
lng allovance of 250,000 sn 2 support und of ¥ 500, 000. 


2, Candidates having successfully passed the university review process cam sign 
‘an employment contract of intent, and apply for the “Thonsand Young Talents 
Program” membership in the name of Jinan Univorety. Candidates who heve 
tered into the defense session ars entitled to the following salary and benefits 
(4) Salary: noes thaw ¥ 400,000 per yao(peo-te), 

) Supporting fonds for reseace: no ess than 1,000,000. 

(3) Honsing/setting allywnaee: no Bese than 3,000, on0(pre-a) 

(@)Rocraited metnbers will avs the acovty fo reerut PAD stadt and vsentsh ae 
sists, 

(g)Tho university vail provide sppliennisssistnoo i thie eairene ont sto 
clergoren,prinary choo sl mide school ia Gunezhow. 

(o)Rocrnted members al enjoy the one-stop serve for higi-lvel talents 

(9) rovtitel members ars celled nto the “Thousand Telonte Progen”, they are 
envied to al he pay aid benefits ere by the university to members of this peo- 
gram. 


This advertisement it valid parmanenity. Eletronte copies of your related materials 
tue ako required witen appsing. Heese send then tothe offical ems 
olalents@juu.edusca, 


Guz Information 


‘Home page of Personae! Depactenent, Jinan University 
‘hitp://personal jau.edun/) 

‘Tel: 0686-20-85227283 (fx available), 0086-20-852293525 

Contacts: Mr, Tong, Mr, Lin 

Email: otalents@jnu.edu.ca 

Address: No. 601, Huangpu Avenue West, Guangzhou, Guangdong, PRC 
PostCode: 51062 


BEIJING INSTITUTE OF TECHNOLOGY 


Faculty Recruitment of Overseas Talents 


- Beijing Institute of Technology 


aM bina tl ¥ 


Beijing Institute of Technology (BIT) announces recruitment for talented 
applicants fr full-time tenured faculty positions inthe broad areas of sciences 
and engineering, including but sot limited to: aerospace engineering 
‘mechanical engineering, optoelectronics, electronics and informatics, 
‘automation, computer science and technology, material science and 
cenginesring, chemistry and chemical engineering, life science and 
bio-engincering, mathematics and statistics, physics, management and 
‘economies. Successful candidates are expected to establish research labs in 
the comesponding academic schools and to interact with diverse faculty across 
‘disciplines. This hiring initiative isa part of the National “Thousand Talests 
Program”, “Outstanding Young Faculty Program, and BIT"s tenure racked 
faculty program. These programs intend to attract international candidates 
addressing. important research issues and contributing to the signature 
research areas ofthe university 

BIT, founded in 1940, has always been a leading institution of science and 
technology in China. In 2016, BIT was ranked among the Top 70 in QS Asian 
Universities Ranking and Top 400 in QS World Universities Ranking, as well 
fs the 15th among the Chinese universities in the above rankings. ‘The 
fundamental research on engineering, material science, chemistry, physics 
and mathematies in BIT is among the top 1% in ESL ranking 


(The applicants are required to hold a Ph. D. and have atleast three years 
‘overseas research experience in world-class universities, research institutes, 
or top-ranking overseas companies. Applicants with overseas experience and 
‘who are now working in China for les than one yeur will also be considered. 

(@)Exceptional candidates under the age of 40 who have made outstanding 
esearch discoveries wil he considered as individual cases 

2. Other Positions Supported by the National“housand Talents Program” 

"The candidates are required to hold a professor psition or equivalent position 
at world-class universities or research institutions. Applicants wh are under 
the age of SS must have held positions supported by the Innovative Talents 
Project, or under the age of 65, postions supported by the Overseas Experts 
Project. 


T, The applicants are required to hold a Ph. D. and have more than 2 years 


‘experience at world-class universities or research institutions under the age of 
235 for associate professor and 32 for assistant professor. 

2. The applicants are required to have expertise about the latest development 
Jn the research area with highly recognized research achievements, show 
potential for being future academic leaders to develop new research 
directions, and be supported by high-level papers as the first author or 
corresponding author 


TI, Payment and Benefi 
1, Recipients of the National "Young Thousand Talents Program will eceh 
(Professorship and Ph.D. supervisor, with special enrollment quotas for 
raduate students 


vor we 


{2)A subsidy of $00,000 RMB from the government, and 1-Smillion RMB for 
research finding, matching research funding at an equal ratio to the national 
standard, office, and laborstory space provided by BIT 

(@)Annual salary from 350,000 to 420,000 RMB (insurance and accumulation 
fund paid by BIT not ineluded) and housing subsidy of $00,000 RMB 
provided by BIT. 

()Opportunity of buying a new Mat of one siting room and two bedrooms 
with a discoust of | million RMB compared to the matket price, Assistance of 
housing during the transition period will be provided 
(S)Assistance in the placement of children and spouse for edue 
opportunities. 

(Intemational travel expenses will be covered for the interview, with 
recommendations to other positions if not reerited, 

2, Other projects in National “Thousand Talents Program” 

BIT supports various projets on the basis of paymeat fram the government, 
appoints entrants as professors and Ph. D. supervisors, provides adequate 
research start-up funds, competitive salary and other material benefits helps 
to arrange assistants, office and laboratories, and supports the entrant 10 
establish research teams, 

3, Tenure-tracked Program 

Recipients ofthe Associate Professorship wil receive: 

(1) Professorship and Ph. D. supervisor, with special enrollment quotas f 
graduate students 

(2) Annual salary from 300,000-360,000 RMB (Insurance and accumulation 
fund paid by BIT not included) 

(3) Research star-up funds of 600,000 RMB, 

(4) Assistance in the placement of children’s educational opportuitcs. 
Recipients ofthe Assistant Professorship wil eesive 

(1) Associate-professorship and supervisor of master’s degree students, wit 
special entollment quota for graduate students, and will qualify to apply for 
Ph. D. supervisor 

(2) Annual salary from 200,000-240,000 RMB (Insurance and accumulation 
fund paid by BIT not included), 

(3) Research start-up funds of 400,000 RMB. 

(4) Assistance in the placement of children's educational opportunities 


jonal and job 


WV. A 
‘Applicants forthe National "Thousand Talents Program” should send their 
(CVs and the complete representative published works to the BIT HR Office 
Applicants forthe Outstanding Young Faculty Program should send their CVs 
and 5 represcniative published works, quotations and comments by others, 
and furure working plans tothe BIT HR Office, Please state the postion being 
applied for inthe subject line ofthe email. 

For any issues related to the “Thousand Talenis Program” and the 
“Outstanding Young Faculty Program”, please contact Mr. Gan Zhenkus or 
Mrs, Yu Xiaotian 


‘Tel: +86-10-6x01877 Email: bitreba@bitedu.cn 
For more information about the “ Thousand Talents Program” 
and the “ Outstanding Young Teachers Program", please visit 


ps/eenshichu.bitedu.en! 
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OINGDAO UNIVERSITY OF SCIENCE AND TECHNOLOGY 
RECRUITS GLOBAL TALENTS 


Oingdao Univer ince & Technology (QUST) is a key university of 
Shandong Province. It is a multi-diseiplinary university which focuses on 
engineering, coordinately develops with science, engineering, art, conc 
management, medicine and law, and distinguishes itself by material sciem 
chemical engineering, applied chemistry, mechanical engineering, 
automation, and information technology and computer science. 

In order to develop itself into a high level university of teaching and research 
With halanced development of the disciplines and distinetive feanres, QUST 
how isrecruiting global talents to implement the strategy "Schoo! Powered by 
Talented Professionals" 


Disciptines 


For mone demails, please refer to Global Talents Recruitment Notice of 
Qingdao University of Science and Technology (two- 


Levels and Requirements of the Talents 


1 The first level: 
Academicians of Chinese Academy of Seienees or Chinese Acedemy of 
Engincering, or overseas talents of the same level 


2 The second level: 
‘Those who meets one of the following requirements: 

a) Member of the “Thousand ‘Talents Program” by the ¢ 
Department of the Cenital Committee of the CPC Cnnovale Class), 
Professor of “Chang Jiang Scholars Program” National Natural Seisnee 
Funds for Distinguished Young Scholar or expert of the same level. 

b) Chie? scientist of National 973 program, National 863 program, The 
National Key Technology R&D Program, National Natural Seisnee 
Foundation of China, 

€) Top 2 of the first prize winners from National Natural Science Award, 
National Technology Advancement Award, State Techaologiesl Innovation 
‘Award and the fi 

Award, National Technolosy Advancement Award, State ‘Technological 
Innovation Award, Other awatd of the same level, 
d) At least two articles in Science, Nature or Cell as the first author or the 
sole correspondent author in the past S years, 


3 The third level: 

‘Those who meets ane of the following requirements: 

8) Member of the “New Century National Hundred, Thousené and Tea 
‘Thousand Talent Project” by Ministry of Iluman Resources and Social 
Security, young or middle aged experts with National 0% 
contributions, Member of the “Thousand Talents Progra 
Organization Department of the Central Committee of 
(Entrepreneurial Class), and other expert of the same level 

1) Published a umber of high quality articles io the: Major (mernat iene 
‘Academie Joumals in the past $ years. 


=. 


Benefits 


‘The first level: 
Benefits to be negotiated for every single task and 
special poliey to be enjoyed in respect of salary, 
honsing and research funds. 


‘The second level: 
a)2 million CNY for howsing allowance and 1 
million CNY fr settlement fe 
bb) Simillion CNY research lunds for Natural Seience 
field and 0.5 million CNY research funds. fox 
‘humanities and social science field. 

©) post allowance of 0.6-0.8 million CNY per year 
for full-time employees in addition to salary and 
welfare benefits 


The third lev 
4) million CNY for housing allowanee and 0.5 
million CNY for settlement fee. 

b) 2million CNY researeh finds for Natural Seience 
field ond 0.3 million CNY research funds. for 
hhumianities and social science field 

¢) post allowance of 0.3-0.4 million CNY per year 
for full-time employees in addition to salary and 
‘welfare benefits, 


Contact 


10, 99, Songling Rd, Qingdao, Shandong, 
Qingdao University of Science and Technology 
Mailbox 368! 

Zip: 266061 

Tele: +86-532-88959097 
Email: qusie@163.com 


th @®) 2K dre 


oso ier 


Beijing Jiaotong University 
“Hundred Excellent Talents Project ” Invites Talents 


Beijing siaotong University ( BJTU ) [s a national key university under the direct administration of the Ministry of Education and now is jointly 
‘supported by the Ministry of Education, the China Ralway Corporation and Beijing Municipal Government. BJTU is one of the first universities 
selected Into the “National 211 Project” and the “985 Strength Discipline Innovation Platform” project, one of the first institutions authorized 
to confer master's and doctoral degrees. BJTU, as the leading organization, has established the Collaborative Innovation Center for Rail Trarsit 
Safety, which is one of the first 14 collaborative centers approved by the Chinese government to enter the “National 2011 Projects”. BJTU has 
been selected into top 100 in “QS brics countries university rankings” for three consecutive years and six disciplines selected into top 400 in 
"QS world university discipline ranking”. 

BJTU is located in Beijing, the capital city of China with east and west campuses in Heidian District. It covers a total area of almost 1,000 mu, 
‘and its building area fs 910 thousand square meters. The university has also established a new Weihal campus and put It into use in September 
2015, With beautiful campus environment, cech camels has been equioped with advanced teaching and scientific research Faciities, 

Aiming at * Distinctive Werié-cisss University ", and actively serving the national '* Belt and Road " initiatives and  goirg global " strategy of 
high-speed rallazy, Beling Jiaotong Univessity is vigorously implementing the strategy of “strengthening school with talent”, gathering 
distinguished talents from home end abroad, diigently imoroving the influence of disciplines, and promoting science and technology innovation to 
rursue 2 brillant Future, We cordially wolcone talents with ideals and abilities to join us and promote development of 8JTU. 


Recruitment of ‘subjects ; 


‘Systematic Science, Communication and Transportation Engineering, Information and Communication Engineering. Civil Engineering, Applied 
Economics, Statistics, Mechanical Engineering, Computer Scionce and Technclogy, Electrical Engincering or related discipines. 


Recruitment Requirements 

4.Hundred Excellent Talents Project 

1). Firstievel talents should reach the level of academicians of Chinese Academy of Sciences snd Chinese Academy of Engineering or Nationa 
‘Thousend Talents Profit Specialty Professors. 


2). Second-level talente should reach the level of Changjiang Scholarchip Specialty Profecsors or the winners of National Outstanding Youth Fund. 


43). Thd-level talents should reach the level of National Thousand Young Talems 
4). Fourth-level talents shctld achieve outstanding academic accomplishments and have the ablity to win National Outstancing Youth Funds within 
3 to 5 yoars. 

salaries and Supporting Canditions 

BJTU wil provide competitive package of salary and benefits for winners and support housing for experiments and administration, housing or rental 
subsidies. Salaries and research furds are listed as follows: 

‘Salaries for first-level talents will be decided through mutual negotiation, 

Selary for second level talent is 600,000 RMB, and research funds 00,000-5,000,000 RMB. 

Salary for third lavel talent ic 450,000 RMB, and resoarch funds 400,000-3,000,000 RMB. 

Salary for fourth level talent Ie 300,000 RMB, and research funds 200,000-1,090,000 RMB. 

2.Young Excellent Talents 

‘Young excallent talents who have obtained doctoral degree in well-known universities ( institutions ) or hava research experiance over two years 
with great potential are welcomed . BTU offers scientific research allowance of 100,000-700,000 RMB for science and engineering , anc 
'50,000-100,000 RMB for arts and humanities, setting in allowance 30,000-50,000 RMB, rent allowance 3,500-4,500 RMB per month for 3 years: 
‘Those who have remarkable research achievements could join BJTU's “Young Talents Cultivation Plan” through selections and enjoy corresponding 
3,000-5,000 RM per month subsides and ether supporting poles. The period for the culation 1s 3 yeas. 


eHow to Apply 
Please send one copy of CV (inching basic information, educational kackground, research experenée, academic achievements) to 
rezpBbjtueden, and ixdeate the discon and the positon you ae enplying for. 


Contact information 


Website: httpi//www.bitueducn/ : 
61 Bailing Jiaotong University, No.3changyuancun, Haidian District, Beijing clon 4 
act Petson: Ms. Zhang YI Tolephone:+86-10-51583432 Fax:+86-10-51 i: rezpe@bieun ~ 
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OPPORTUNITIES IN CHINA 


y founded in 1929, is @ national “Project 985" and 
“Project 211” comprehersive key university directly governed by the Minisicy 
of Fducation, China, (arated in Chononina, the significant Central City with the 
{fastest GDP growth, Chongqing University aims to contribute to the national 
strategie research, municipal social and econamic growth, Chaneaing 
University has highly academic reputation, cultural richness and history 
deposits, known far advanced disciplines of Mechanical Erginzering, Power 
Engineering, Material Scerce amd Engineering, tnjormation Science. Biology, 
‘ond Economies and susiness Administration, and the high-level disciplines of 


Architecture, Civil Engineering, and Hesources and Environmental Science. the 
university consists of 6 faculties. namely, Faculty of Arts and Humanities, 
Faculty of Social Science, Faculty of Science, Facuity of Engineering, Facuity of 
‘Bult Environment, Faculty of information Science, and 34 colleges. As the best 
Lunwversity in the western China, Chongging University warmly invites giobel 
talents to broaden the development prospect here! 


Brief Introduction to Tenure Track 


itment System 


Chongqing University carries out the tenure track recruitment system with 
reference to International recruitment system of foreign universities and the 
‘ecedemie evaluation of peer review, strives for providing the guarantees of 
talents team building, converses the outstanding talents home and abroad, 
promotes the sustainable development for scioal construction, end is featured 
05 full implementation, independent system, and international academic 
stancard, 


According to the educational background and working 

ewerience, successful cardidates will be employed os the Full 

Professor, Associate Professor or Assistant Professor by the 

university with preferential treatments as follows: 

¥ Appointed as the doctoral advisor and master’s 
advisor; 

Incentive high salary; 

y Competitive settling-in allowance; 

y Sufficient research start-up fund; 

- Purchasable talent apartment with less-than-market 
price. 


How to Appi 


Quolified applicants are strongly suggested to submit 
application materials electronically on 

43,192,253:8 Mogin, trl Pid= 
to equrezp@equ.edu.en with a comprehensive CV. certificates 
‘of academic degrees, 5 samples of major publications and 4 


itact Information 


Home Page of Personne! Department: http://rsc.cqu.edu.cn 
Tel: 0085 23-65112823 


| cqurezp@cqu.edu.cn 
‘Address: No. 174, Shazheng Street, Chongaing. PRC 


Emai 


Kunming University of Science and Technology (KUST) is situated in Kunming, the capital city of Yunnan Province in southwest 
China, which is well known as the "City of Eternal Spring” for its mild weather and beautiful mountainous scenery. Founded in 
1954, KUST is one of the top 100 universities in China and the largest and the only technology university across Yunnan province. 
KUST has been ranked vithin the top 1% worldwide by the international ranking of Essential Science Indicators (ESI) for its 
Engineering and Material Science programs. 

KUST's research funding accounts for more than 2/3 of the total amount allocated to the 73 higher education institutions in 
Yunnan province. in 2015, KUST's research funding reached 828 million RMB. ver the past decade, KUST has accomplished 
many milestone achievements including 5 national and 34 provincial awards for teaching, 10 national and 278 provincial awards 
for research and technological invention. 

KUST is committed to taking its teaching and research to the next level by providing an excellent environment for its faculty 
and students, We look forward to a bright future where your academic talent and contribution to KUST will be recognized and 
rewarded, 


4) High-Level Talents 

‘Academicians of the Chinese Academy of Engineering or Sciences, selectees of ‘‘the Thousand Talents Plan”, winners of the 
National Science Fund for Distinguished Young Scholars, Distinguished Professors under the Yangtze River Scholar Award Plan, 
and other High-level talents meeting the requirements of KUST. 

2) Requi 
Electronic Information, Biology, Food, Medicine, Materials, Eectromechanical Integration, Chemical Engineering, New Energy, 
Environmental Protection Technology, Urban Planning, Architecture, and Transportation, 


41) Housing subsidy: 300 thousand RMB to 5 million RMB; 
2) Research group start-up funding: 800 thousand RMB to 10 million RMB (80 thousand RMB to 1 milion RMB for the Philosophy 
and Social Science field); 

3) Annual salary: 120 thousand RMB to 1 million RMB; 

4) Laboratories and assistants provided (Some High-Level Talents) 
For more information about Salary 6 Benefits, please visit: http:// 


cn/enroll/, 
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Faculty Positions Available in Ningbo University 


@ Seeking bright minds 


Located in the historical port city of Ningbo in eastern 
China, Ningbo University is a burgeoning 
comprehensive university co-eetablished by the 
Chinese Ministry of Education, Zhejiang provincial 
government and Ningbo municipal government. |t is 
ameng the first five provincially governed key 
universities designated by the Zhejiang provincial 
government. Young and dynamic, Ningbo University is 
already ranked among the top 100 universities in 
China 

Ningbo University is actively seeking talented 
researchers to strangthen its faculty team. 


Openings for academic leade 


Requirements: 

* A doctoral degree from an overseas institution is 
expected, along with at least three years of work 
experience conducting research cverseas; for those 
who have obtained their doctoral degree from @ 
domestic institution, at least three years of overseas 
teaching or research experience is a must 

* Experience working as a tenured professor or 
equivalent in a well-known university or research 
institution overseas (associate professor experience is 
fine for young candidates from top universities or 
institutions); generally, candidates should qualify for 
the national Thousand Talents Program 

* A proven track record ef achievements in @ 
specialized research field, with the potential to 
become an academic or technical leader in the field 

® Ability to work full-time on site, and preferably 
under 50 years old 


Openings for top young scientists 


Requiremants: 
* A doctoral degree from an overseas institution is 
preferred, along with at least three years 


® Application procedure 


Pleas 
ES materials. via e-mail to: rsc@nbu.edu.cn. 
esi 


‘onal information reais thew applications. 


post-graduate research experience overseas; those 
with doctoral degrees from comesticinstitutions must 
have at least three yeers of experience conducting 
research or teaching overseas 

© Experience working full-time in a well-known 
university or research institution overseas, conducting 
research or teaching; generally, candidates should 
qualify for the national Thousand Young Telents 
Program or the provincial Thousand Talents Pragram 

* Ability to work full-time on site, and preferably 
under 45 years old 


Openings for excellent doctoral researchers 


Requirements: 

* A doctoral degree from an overseas institution is 
preferred, along with at least three years of work 
experience conducting research overseas; those with 
doctoral degrees from domestic institutions should 
have at least three years of experience conducting 
research or teaching overseas 

* A treck record of publication experience, with at 
least one paper published in Social Sciences Citation 
Index or Arts & Humanities Citation Index journals for 
candidates in humanities and social sciences fields; 
two or more papers published in Science Citation 
Index-listed journals or at least one publicetion in a 
top journal for candidates in natural sciences fields 

* Ability 1o work full-time at the university 


@ Compensation 


Generous compensation packages will be available 

For excellant doctoral researchers, the successful 
candidate will receive a sottling-in allowance of 
£600,000 {180,000--420,000) RMB. Those with four or 
more publications in top journals are eligible to be 
hired as associate professors, and will receive a 


RMB. 


submit @ completed application form, @ curriculum vitae and e Peer Jeter along with other relevant 


whe Oe ribet SL opanines Sr 


setting-in allowance of 800,000 0000042001000) 


Hel Sei ata 


Recruitment) for Anhui) Universities) of (hina) 


RIL Fa ih ik th oF 


The Yangtze River Delta City Group 


Positions in engineering, science, literature, agriculture, management, law, economics, 


art, etc. are provided for all the talents interested in working at Anhui, China. 


——————* Looking for more pennones 
Please send your CV to 
or call the direct line: +86 13810344600 (WeChat: wbh917) i 


www.ustc.edu.cn www. hfutedu.cn www.ahu.edu.cn www.ahau.edu.cn 


tOHEKREE AMLERE £i 4X AHRGAE 


www.ahmu.edu.cn = www.austedu.cn  www.ahutedu.cn = wwwahjzu.edu.cn 


REEARR eee KS BRIVAF LMAARKZ 


www.edu.cn/ahzp 


online @scien 


NESS FOR JIANGXI UNIVERSIE 


ienceCareers 


Chuangbing ZHOU President of Nanchang University 
Higher education works as the junction of the first productivity of science and Sete ‘ogy, the first initiative of innovation and the first 
resource of talents, With the leadership of ingits higher education, Nanchang University is exploring eanesly the may to high-level 
university by implementing talent programs. It commits itself wholeheartedly to ‘employment of talents without overstressing 
aualfcations. itis our strong hope that taints fom all ver the world can join usin the develoornent of Nanchang University 


Guoping MEI President of Jiangxi Normal University 


Jiangxi Normal University endeavors to establsh a top rank Chinese university with clatinct features, We warmly welcome overseas talent 
of various academic backgrounds, in particulr, Material Science, Organic Chemisty, Fundamental Mathematics, Regional ionomies, 
‘Computer Science and Management Science, to join us, Let's start a pleasant journey cf chasing and tealiing our dreams together 


Qiao WANG President of Jiangxi University of Finance and Economics 

Its. a pleasure for decent men to get gifted people to educate. Adhereing to principles of Quality Guaranteeing Survival, Characteristics 
Contibuting to developinent, Talents Creeting Stueng University, Law and Morality for Management, JUFE sircerely invites anbitious and 
talented people to join us to cultivate talents with innovation, entrepreneurship, and qualities of Fidelity; Excellence, Integrity, and 
Dedication, to establish @ high-level university of finence and economics with distinctive characteristics, to fulfill the JUFE dream of @ 


Reputed Century-old University, 


Shenglian LUO President of Nanchang Hangkong University 


Nanchang Hangkong University endeavors to establish top rank Chinese university with distinet aviation and engineering science 
features, Wa warmly welcome querceas talonts of various academie backgrounds, in particular, Aeroepace Selenca and Technology 
Environment Science and Engineering, Mechanical Engineering, Instrument Science and Technology, Optical Engineering, Computer 
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Science to join us in the development. 


laase eaeAy TAMERS Bemsry 


www.ncu.edu.cn www.jxnu.edu.cn www, jxufe.edu.cn www.nchu.edu.cn 


Please send your CV to consultant2@acabridge.edu.cn 
or call the direct line: +86 13810344600, (WeChat: wbh917) 


ah BZA 


HARBIN ENGINEERING UNIVERSITY 


Ba 


ualifications: 


areas. 


Outstanding PHD students can be recruited in exceptional cases. 


Preferential Policies and Treatment 


1, Employed as professor or doctoral tutor 
2.Support to form academic team 


according to the level and quality of the program 


For more information, please contact 
Contact Persons: Gao shan, Bai yun. 
Tel:+86-451-82518061 
E-mail:rencai@hroeu.edu.cn 


3. A lump sum of 500,000 RMB shall be granted by the central budget 
4.Research subsidies, varying from 1 million to 3 million RMB, shall be allocated in batches throughoutthe process of the program 


Harbin Engineering University Sincerely 


Invites talents to Apply for 


“The Recruitment Program for Professionals” 


1. Applicants engaged in scientific researches or Engineering technology and below the age of 40. 

2.Have obtained a doctorate degree and have no less than three years of overseas working experience 

3. With formal teaching and researching positions in overseas prestigious universities, institutions or enterprises. 

4, The applicants should be the top-notch talents in thelr research fields, and have the potential to become future leaders in relevant 


5.The applicants will be abie to work full time in China. For those who have worked in China, they should be no mere than one year, 


What we offer for entrants of “The Recruitment Program for Professionals": 


5 Provide no less than 400,000 RMB annual salary and 300,000 RMB setting-in allowance 
6.Provide an apartment no less than 80 square meters or 1 million to 1.6 million RMB housing benefit 

7.Offer job opportunities to spouses, and children will have guaranteed admission to schools, 

IFinterested in applying for “The Recruitment Program for Professionals”, please send your resume to rencai@hrbeu.edu.cn. 


Southwest Jiaotong Univer Chengdu, China 
Invites Applications for the Academic Pasitions 


Southwest Jiactong University (SWITU), founded in 1896 aad located in Chengdu, the 
a's dynamically growing West. SWITU ism elite 


capital of Sichuan previnee~ 
‘essity with oon key multidsephinary 211" and “HS Feat” projects dr 
aged by the Ministry of Education, SWITU i curently onthe setepic “Developing oad 
Swenathening the University by nrodueing and Culivating talents” camoign. The, you 
ce coral invited to apply for he following neadernic positions, More iaformaton is 
available t http: swtu.edu.on! 

Positions and Requirements 

A High-level Talented Leaders: Candidates shouldbe qualified tbe listed inn 
top talents peogravs sch a Program of Global Experts. Top Talent of Nevionl Special 
Suppor Program, Chang Siang Scholars”, China National Funds for Distinguished Youn 
Sciutnisand Nasional Awad fr Distinguished Teac 

B. Young Letding Scholars; Candidates ue prcfeable tobe Usted or guid for the 
followin prowiams: National Thousand Young Talents Prograu,The Top Yous Talent 
‘sf National Special Suppor Program (Program for Supposing Tep Youu. Talents, Sci 
‘ee Frnindetin forthe Besellen Youth Schotara 

Excellent Young Academie Backboncs 

. Excellent Doctors and Post Doctoral Fellows 

Please conist Me. Yu Wang. Ms. Ye Zeng Ms Qing Ya Wang 

Telephone namber:+46:28-66367288) 66366202 

aul tlesttewitu eda co 

‘Address: Himan Resources Department, SWITU. Western Pari of High-Tech Zone, 
(Chena, Sichuan, China, 17755 


High-level Global Talents Online Job Fair 


Job Vacancies in China's Universities and Research Institutes 


Holding Date: 0:00-6:00 (GNT#8), October 258, 2018 
RRecrultmentrequrements: Overseas Scholars, Doctors and Post-doctora 
Parttoating Univeraties: 
Shonghel Universty Of Engnearing Sconce 
Sangha Neral Urieraty 
Znengarou University 
Guangdong University ofFersign Stties 
Soutwest University 
ange University of Finance end Eecremica 
Shang Univers of Elric Powsr 
Guangdong Ocean Lrwersty 
Shanghel Un Univer ot Account and Finance 
Shanghel Marte Univers 
Soutoast Uniorty 
Znengerou Univority of Light industry 
Hunan Univers of Commerce 
‘Shae Nermal University 
Fan Jectong Universy 
SSoutwest Univers of Seance and Tecmology 
Nonmeast Forest Univesity 
Harbin Engineering Universty 
‘Shanghel Dian} Univory 
SoutweetJaoiong University 
Tor mitary taal Unversty 
Participation Approaches: 
1. Please send your CV to consutant@acabiiae ecu 
2. Formore information, loose vil ht/wwaedu.enlor 
{Want o recommand tants or coneult mors Information? 
‘Please contact consuttanagreabrigge.ot.n 
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Special Job Focus: 


iencecareers.org 


Neuroscience 


Issue date: November 4 


Book ad by October 18 to 
guarantee space 


Ads accepted until October 
if space allows 


For recruitment in science, there’s only one Science. 


What makes Science the best choice? Deliver your message toa 
* Read and respected by 400,00 readers around the globe global audience of targeted) 
qualified scientists. 


* 75% of readers read Science more often than any other journal 


* Your ad dollars support AAAS and its programs, which 129,574 


strengthens the global scientific community. subscribers in print 
every week 
et e i 
Why choose this job focus for your advertisement? 49,518 
* Relevant ads lead off the career section with special unique active job seekers 


searching forneuroscience 


neuroscience banner positions in 2015 


* Bonus distribution to Society for Neuroscience, 


November 12-16, San Diego, CA. 34,780 


applications submitted for 
neuroscience positions 
Expand your exposure. in 2015 


Post your print ad online to benefit from: 
* Link on the job board homepage directly to neuroscience jobs 
* Dedicated landing page forjobs in neuroscience 


* Additional marketing driving relevant job seekers to the 
job board. 


Produced by the Science/AAAS Custom Publishing Office. 


SCIENCECAREERS.ORG 


To book your ad: advertise@sciencecareers.org 


ScienceCareers sss, | sone 

+202 326 6582 +44(0)1223 326500 

Japan China/Korea/Singapore/Taiwan 
FROM THE JOURNAL SCIENCE PNAAAS +813 3219 5777 +86 186 0082 9345 


Programm zur Férderung der Riickkehr_ Ministerium far innovation. 
Wissenschaft und Forschung 
des hochqualifizierten des Landes Nordrhein-Vestfalen 
Forschungsnachwuchses aus dem Ausland 
Sig sichen am Anlong Ihe wisenchotichen Kare ond méchen mi Iyer Forchungsigkl un Bewatigung der groen ge 
Ihnen 


sellschafflichen Herausforderungen unserer Zeit beitragen? Der Wissenschaftsstandort Nordrhein-Westfalen bietet ie Chance 
zum Aufbau und zur Leitung einer selbststéindigen Nachwuchsgruppe an einer hiesigen Hochschule Ihrer Wahl. 


&) 


Im Falle einer erfolgreichen Bewerbung sind dafiir Uber einen Zeitraum von fiinf Jahren bis zu 1,25 Mio, EUR vorgesehen. Die Lei- 
fungsposlton if i Engetgruppe 15 IVL.-vergleichbor W2 — dtier. Sle ethalion sine persotichgebuidens Finanziotungazusoge 
Und atatlieren Ihre Nochwuchaproppe an elnar Hochschule Ihrer Wall in, Nordrhein We 

perspektive und eventuell auch TenureTrack bietet 


festfalen, welche Ihnen die beste Zukuntts- 


Der Beginn dieser Férderung ist bis Ende 2017 vorgesehen. 


‘Ausgehend von den Zielen der Forschungsstrategie Fortschritt NRW werden erneut Nachwuchsforschertalente aus allen Fachge- 
bieten gesucht, die mit ihren herausragenden Iden zur Bewalligung der groBen gesellschafilichen Herausforderungen unserer Zeit 
beitragen kénnen. Besonders erwimscht sind dabei in diesem Johr Antrage aus den Wirtschafls- sowie den Geistes- und Gesell- 
achaltswissenschaften. 


Sie forschen derzeit aufberhalb Deutschlands und haben Ihre Promotion vor wenigstens zwei, hdchsten sechs Jahren (im Fachgebiet 
Medizin vor héchstens neun Jahren) erworben? Ihr Lebensmittelpunkt lag vor Ihrem Auslandsaufenthalt in Deutschland? Wenigstens 
die letzten 12 Monate Ihrer mehr als zwei Jahre wahrenden wissenschaftlichen Forschungslatigkeit haben Sie im Ausland verbracht? 


Wenn dies alles auf Sie zutrifi, freuen wir uns auf Ihre Bewerbung! Nahere Informationen zum Bewerbungsverfahren sowie eine 
ausfihrliche Beschreibung des Programms finden Sie unter 


www.rueckkehrprogramm.nrw.de. 
Bewerbungsschluss der diesjahrigen Ausschreibung ist der 4. Dezember 2016. 
Das Land Nordrhein Westfalen férdert die berufliche Entwicklung yon Frauen. Bewerbungen von Frauen werden daher besonders 


begriibt. Bewerbungen geeigneter schwerbehinderter Menschen sind erwiinscht 


WISSEN SCHAFFT 


ANCEN.NRW 


www.wissenschaft.nrw.de 


\Georgia insite 
of Technology 


Tenure Track Faculty Position 
Georgia Institute of Technology 
School of Chemistry and Biochemistry 
Atlanta, GA 30332-0400 


THE GEORGIA INSTITUTE OF TECHNOLOGY, SCHOOL OF 
CHEMISTRY AND BIOCHEMISTRY secks to fill a tenure-track faculty 
position in the development of any aspect of chemistry or biochemistry 
related to feedstocks from renewable and sustainable sources. Research 
areas of interest include, but are not limited to, functional biomaterials, 
catalysis, energy harvesting and storage, efficient syntheses and processes, 
and plant bioengincering and synthetic biology. Opportunities for 
significant interaction with and support from the Renewable Bioproducts 
Institute at Georgia Tech (www.bioproducts.gatech.edu) will be available. 
Candidates with interdisciplinary research programs may be considered 
for joint appointments with other campus units 

Exceptional candidates at all levels are encouraged to apply. Assistant 
Professor candidates should submit a cover letter, curriculum vitae, 
description of research plans, description of teaching interests 
and philosophy, and arrange for the submission of three letters of 
recommendation, Candidates at advanced levels should submit a cover 
letter, curriculum vitae, and the names and contact information of three 
references. All materials and requests for information should be submitted 
electronically, as per the instructions found at: 

https://academicjobsonline.org/ajo/jobs/8094 


The application deadline is November 15, 2016, with application review 
continuing until the position is filled, 


Georgia Tech is an Equal Education/Employment 
Opportunity Institution 


John Innes Centre Independent 
Vibkiy,thive's Divs, ReSearch Fellowships 


The John Innes Centre (JIC), Norwich, UK is a world leading centre 
of excellence in plant and microbial sciences based on the Norwich 
Research Park. We are inviting applications from outstanding 
researchers who either hold, or wish to apply for Independent 
Research Fellowships [such as a BBSRC David Phillips Fellowship 
(http://www.bbsrc.ac.uk/funding/fellowships/david-phillips 
aspx), or a Royal Society University Research Fellowship (https:// 
royalsociety.org/grants-schemes-awards)], to attend a Conference 
at the JIC on 30 January, 2017. At the meeting you will be able to 
present a talk about your proposed area of research and to discuss 
your proposals, the development of your group and your future career 
plans in depth with senior JIC Scientists. 


After the Conference we will select and mentor outstanding 
candidates in writing Fellowship applications and/or offer the 
opportunity to move existing Fellowships to the JIC. Considerable 
additional resources will be provided to Fellows by the Centre. We 
may also offer an independently-funded Fellowship to a suitable 
candidate. 


Further details and particulars can be found at http://wwwjic. 
ac.uk/training-careers/training /fellowships/independent-research- 
fellows-conference/ 


Please e-mail a 2-page summary of your research plan,a copy of your 
CV and arrange for three letters of recommendation to be emailed 
to wendy forsdick@jic.ac.uk by Wednesday 30 November 2016. 


The John Innes Centre is a registered charity (No223852) grant-oided 
by the Biotechnology and Biological Sciences Research Council and is 
an Equal Opportunities Employer and supports flexible working. 
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POSITIONS OPEN 


{aloe State University 
Northridge 


Department of Biology” 
Assistant/ Associate Professorships 
(Two positions, effective August 2017) 
California State University, Northridge, invites appl 
cations for TWO, research focused, tenare-track po 
Sitions in the Department of Biology. Applicants ni 
hhold'a Ph.D. and have post-doctoral experience. The 


successful candidate shall develop vigorous research 
program built on extramural funding, invoke under 
graduate and Master's students in research, and dem 
‘onstrate teaching excellence 

‘Marine Bio jas: We seek candidates to 
complement existing skills in a program focused on oF 
ganismic biology and population//community ecology 
‘with a strong emphasis on fieldwork in temperate and 
tropical locations. We are particularly interested. in 
building strengths in ecological modeling, conservation 
biology, and understanding the capacities of organisms 
and sjstems to respon to multiple stressors associated 
‘ith climate change. The successful candidates will dem 
fonstrate a proven, capacity to develop an externally 
funded research program that actively involves graduate 
and undergraduate students. Teaching options indude a 
course inthe candidates special, maine Pology ecology, 
experimental design and analysis, analyses of big eco 
logical data, and introductory biology 

pplicants should subynit a cover letter, curiculum 

vitae, three letters of recommendation, summary of 
teaching experience, statements of teaching philosophy 
and research interests, and three publications to e-mail: 
marinebio@esun.eda 

Electronic applications as single file (excepting let 
ters of recommendation) are strongly preferred. Materials 
may ako be aed to: Marine Biology’ Search Comnittec, 
Department of Biology, California State University, 
18111 Nondhoff Suet, Northridge, California 91330 
8303, USA. 

For more information vist website: tp: ///www:esu, 
cedu/science-mathematics/biology jobs Screening Will 
begin on November 17, 2016 


ASSISTANT PROFESSOR, 
of FISHERIES ECOPHYSIOLOGY 
Montana State University 

The Ecology Department at Montana State 
University invites applications for a tenure-track 
Assistant Professor of Fisheries Ecophysiology 
We seek candidates with research interests and 
skills thar complement our current faculty and 
who utilize laboratory and field experiments to 
address important contemporary issues in fresh 
\ater fisheries svience and management, includ 
ing but not limited to such areas as climate change, 
invasive species, angling, hydrological alteration, 
bioenergeties, contaminants disease, and ish pas 
sage. We are particularly interested in candidates 
that can integrate research across these disci 
plines. A major strength of the department is 
bridging basic and applied science research £0 
address questions that are both regionally impor 
tant and relevane to society. Because increasing the 
diversity of the profession is one of our strategic 
pronties, women and underrepresented minor 
fries in Geological sciences or natural resource 
‘management ate particularly encouraged to apply 

For more information and application instruc 
tions see website: http:/ /jobs.montana.edu/ 
postings /6028, 

Screening of applications will begin on November 
1, 2016; however, applications will continue 10 
bbe accepted until an adequate applicant pool has 
been established 

MSU ie an Exnal Opportunity Employer, Veter 
Disaled. 
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Department of Biolo, 
Assistant Professorsh 
Tenure Track position 

California State University, Northridge invites appli 
cations for tenure-track Assistant Professor positions in 
Cellular or Molecular Biology in the Department of 
Biology to begin August 2017. Applicants must hold a 
Ph.D. and have post-doctoral experience 

Candidates whose research answers. fundamental 
‘questions pertaining to plant physiology, plant pathol 
‘ogy, plant cell biology or whose research examines cell 
biology questions using plant-microbe-insect interki 
‘dont interactions are encouraged to apply, Candidates 
should use proteomics, systems, computational, or mol- 
cecular approaches to answer their research questions. 
The successful candidate is expected to develop and 
maintain a vigorous research program with extramural 
funding, wain undergraduate and graduate (M.S.) st 
dents in research, provide ellective instruction to 
students of diverse backgrounds. 

For more information and application procedure visit 
website: hetp:/ /www.csun.edu /seience-mathematics/ 
biology/jobs 

Screching application wil begin on October 31, 2016. 

nia State Univenaty, North 
nity Employer conoid to exellent 


fe an Exual Oppo 
i diversity 


Position Openings: Assistant/ Associate 
Professors in Chemistry & Biochemistry 


As part ofa multi-year hiring plan, the Department of 
Chemistry and Biochemistry ar Northern Illinois Uni 
versity anticipates hiring two tenure-track faculty mem: 
bers for the 2017-18 academic year. Hiring is intended 
at the rank of ASSISTANT PROFESSOR, but consid 
‘eration may be given to appointment at the rank of 
associate professor. Applications in any sub-discipline of 
‘chemistry are encouraged and the ability to teach analye 
ical chemistry is preferred. All applicants must have 
4 PAD or equivalent degree and postdoctoral experience 
is preteered. Junior applicants should have the potential, 
to develop and senior applicants should have: (1) a 
nationally /interationally recognized, externally funded 
research program, (2) proficiency teaching and mentor 
ing students from a range of cultural backgrounds, and 
(3) experience serving a collegial, student-centered de 
partment, Preference will be given to applicants able to 
Work effectively in a multicultural team and to develop 
synergies with Argonne National Laboratory and/or re 
ional industry. Candidates should provide a letter of 
application, curriculum vitae, a description of research, 
plans including start-up requests, a teaching philosophy, 
and the names and contact information for three ref 
‘erences to the chair of the search committee (Professor 
Elizabeth Gaillard, e-mail CHEMSearch@niu.edu). Ap: 
plication review begins on October 31, 2016 and will 
‘continue until the positions are filled. Navlem Mine Un 
vty actively enaunager applications fre wor, mini, ad 
individ A oentation i kein with ts policy of 
promsting diversity throughout the instion. Parts wo mpi 

sodas) the apt pis ne he Americans with 
Dishlties Act should notify the search car. State man 
employed background ches 


ay se 


lpr 


The Department of Chemical and Biological Engineer 
ing, University of Wisconsin-Madison invites applications 
fora TENURE-TRACK FACULTY POSITION at 
the assistant, associate or fll professor level. Successtl 
candidates are expected to maintain world dass graduate 
research programs, teach undergraduate and graduate 
courses and engage in university service, Candidates 
with a Ph.D. in chemical or biological engineering or a 
related field and truly outstanding accomplishments in 


any area of research of importance to chemical and bio- 
logical engineering will be considered, 

For more information, please see website: http:// 
goo.gl/448XES. Ente ), $7352 of 87384 in 
search field and follow the instructions there on how to 
apply. Applications received by web-specited respective 
deadlines will receive full consideration. Homa 


ps tai 
to apply 
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WHO IS NO. 1 THIS YEAR? 


Science publishes the results of its 15th annual Top Employers 
Survey on October 28. Science has a long history of providing a 
forum for scientists to express their opinions about the biotech and 
pharma industry. For 2016, we gathered the responses 

from 5,984 scientists who had plenty to say about the industry. 
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By Edward J. Smith 
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Doing science while black 


hen I was 11 years old, my older brother left our village in Sierra Leone to study physics in 
the West. After completing his degree, he returned home to contribute to development. I 
followed his lead, though I studied genetics—and I never returned to live in Africa. Instead, 
Testablished a career in research and research education in the United States. Being an aca- 
demic scientist in this country with my skin color and accent has not been easy, but I hope 
that my resilience amid significant challenges offers a path for younger minority scientists. 


I experienced my first brush with 
bias in the virology lab where I 
started my Ph.D. Every time I left 
the photography room, the princi- 
pal investigator (PI) was there to 
check on my results. He didn’t do 
this for other students; it was clear 
that he didn’t trust me to do the pro- 
cedure correctly. At lab meetings, 
the PI called on every other group 
member for a progress report. But 
in my case, he asked the senior 
Ph.D. student I was working with to 
speak for me, I felt frustrated and 
humiliated, but I wouldn't let these 


and other encounters imply that, 
no matter how productive my re- 
search is or how professionally I 
present myself, I and other black 
scientists do not belong in aca- 
demia’s hallowed halls. 

In contrast, when I have visited 
Kenya, Tanzania, and Zambia, I 
have always received an enthusi- 
astic welcome from the scientists 
there, who are excited to hear from 
a black scientist with an accent like 
theirs who developed a success- 
ful research career in the United 
States. I am happy to be able to 


experiences derail my plans for a pany 2 share my experiences with my col- 
research career. I left that lab after ‘Being an academic leagues in Africa, But the differ- 
4 months and completed my doc- 8 ttt t A try ences between my experiences on 
toral studies in a less flashy lab, in scientist in this ou o : the two continents also serve as 
animal sciences, with an extremely has not been easy. a depressing reminder that a US. 


supportive adviser. 

The first place in the United States that really felt like 
home was Tuskegee University, a historically black institu- 
tion in Alabama where I had my first faculty position, (I 
didn’t consider returning home because Sierra Leone was 
in the middle of a brutal civil war at the time.) It was easy to 
be productive in a place where no one questioned my right 
to be in the lab or my ability to mentor students. 

But my experiences with the larger scientific commu- 
nity still made me feel like I didn’t belong. A few years 
after becoming a professor, for example, I went to a social 
event at a society meeting with an international, multi- 
racial group of colleagues. I was the only black researcher 
among them, When we walked into the room, the crowd 
fell completely silent, apparently uncomfortable with my 
presence, I considered myself a scientist with great po- 
tential, but that experience made me feel that, to others, 
my skin color was more important than the quality of my 
work. The next year, as I was starting a sabbatical in a 
lab at another institution, I asked one of the researchers 
in the group whether the PI was in, “Are you delivering 
a package?” he asked. “I can pass it on to him.” These 


Ph.D. and passport do not shield 
me from the realities of being a black scientist in a white 
world, where I rely on one-liners such as “doing science 
while black” or “leading while black” to communicate the 
complexities of my circumstances. 

Despite the hostility, both blatant and subtle, that I have 
experienced in the corridors of science, and still encounter, 
Tm glad that I stayed here. I believe that the career I have 
carved out for myself will help pave the way for future gen- 
erations of underrepresented minority (URM) scientists to 
thrive, and for all members of the scientific community to be 
more culturally sensitive than those who came before them. 
Thave spent much of my professional life focused on train- 
ing URM scientists, and I am as proud of these researchers 
as anything else in my life. As all of us strive to increase the 
critical mass of URM scientists, encounters with black scien- 
tists will become more commonplace until, hopefully, none 
of us is ever mistaken for a delivery person. = 


Edward J. Smith is a professor of comparative genomics 
at Virginia Polytechnic Institute and State University in 
Blacksburg. Send your story to SciCareerEditor@ aaas.org. 


40 SEPTEMBER 2016 + VOL 453 ISSUE 6307 


selencemag.org SCIENCE 


Published by AAAS 


iencemag.org/ on October 7, 2016 


Iscience, 


Downloaded from http: 


